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Sclerotinia sclerotiorum (Lib.) de Bary is a devastating broad host range fungal 

phytopathogen that requires high levels of oxalic acid (OA) accumulation to successfully 

colonize its hosts. The overall goal of this research project is to better understand the 

molecular regulation of S. sclerotiorum pathogenesis, and the genetic regulation of 

oxalic acid (OA) metabolism. The S. sclerotiorum genome encodes one putative 

oxaloacetate acetylhydrolase (OAH, Ss-Oah1) related to OA biogenesis, and two 

putative oxalate decarboxylases (OxDCs, Ss-Odc1, Ss-Odc2) related to OA 

degradation. These three genes were characterized in the first part of the study. The 

∆ss-oah1 mutants did not accumulate OA either in culture or during plant infection, and 

induced very restricted lesions on many tested hosts. The ∆ss-oah1 mutants were also 

defective in the development of compound appressorium and scleortium, and exhibited 

a severe radial growth defect on medium buffered at neutral pH. Neither low pH (3.0) 

nor exogenous OA (up to 40 mM at pH4.8) affected the transcript accumulation of Ss-

odc1 and Ss-odc2 genes. Ss-odc2 transcript, but not Ss-odc1 transcript, showed strong 

induction during compound appressorium differentiation. No growth, morphogenesis, or 
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virulence defect was observed for the ∆ss-odc1 mutant while ∆ss-odc2 mutants showed 

less-efficient compound appressorium differentiation, increased OA accumulation, and 

significantly reduced virulence on many host tissues. Wounding prior-to inoculation fully 

restored the virulence defect of the ∆ss-odc2 mutants. To identify other components of 

S. sclerotiorum pathogenesis, a forward genetic approach utilizing Agrobacterium 

tumefaciens-mediated transformation (ATMT) was carried out. 16 virulence-defective 

mutants were identified based on virulence screening on celery and common bean 

hosts. T-DNA insertional disruption of a hypothetical protein with an AIM24 domain, 

presumably involved in mitochondrial biogenesis, caused severe defect in virulence, the 

development of compound appressorium (CA) and sclerotium, but a minor reduction in 

OA accumulation. These findings provide solid genetic evidence to support the long-

standing hypothesis that OA accumulation is essential for host colonization of S. 

sclerotiorum. In addition, the infection process also involves a fine-tuned regulation of 

OA accumulation through OA biosynthetic as well as catabolic pathways.  
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CHAPTER 1 
LITERATURE REVIEW 

Biology, Disease Cycle and Management of Sclerotinia sclerotiorum (Lib.) de 
Bary 

Biology and disease cycle 

Sclerotinia sclerotiorum (Lib.) de Bary is the type phytopathogenic fungus of the 

Sclerotinia genus, which belongs to the phylum Ascomycota, the class Leotiomycetes, 

the order Helotiales, and the family Sclerotiniaceae. Besides S. sclerotiorum, the 

Sclerotinia genus contains three other agriculturally important phytopathogen species, 

S. minor Jagger, S. trifoliorum Erikss, and the phylogenetically-defined ‘Sclerotinia 

species 1’ (Winton et al., 2006). Among them, S. sclerotiorum has the broadest host 

range, infecting over 400 plant species, including many economically-important seed 

crops (e.g. dry beans, soybean, sunflower, canola, peanut) and vegetables (e.g. lettuce, 

potato, carrot). Sclerotinia diseases account for enormous dollar annual losses in U.S. 

agriculture production (Bolton et al., 2006). The soybean sclerotia stem rot outbreak in 

2009 alone, for instance, directly reduced harvest by approximately $560 million (Peltier 

et al., 2012).  

S. sclerotiorum and other Sclerotiniaceae species produce sclerotia, 

macroscopic stromatic structures made up of compact masses of hyphae encompassed 

within a dark melanized rind layer. Sclerotia play a central role in the disease cycle of S. 

sclerotiorum. They can remain viable in soil for multiple years (Abawi & Grogan, 1979) 

and germinate either carpogenically into apothecia, or myceliogenically into white fluffy 

hyphae (Bolton et al., 2006). The hyphae and apothecia mediate different infection 

processes. Mycelia usually directly infect basal plant leaves and stems, causing wilt or 

drop symptoms (Huang & Dueck, 1980; Subbarao, 1998; Kora et al., 2003). Airborne 
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ascospores released from apothecia, in contrast, go through a saprotrophic pre-

infection growth phase, typically on senescent or injured plant tissues before host 

colonization (Abawi, 1975; Sutton & Deverall, 1983; Huang & Kokko, 1992; Jamaux et 

al., 1995). In the absence of exogenous nutrients, ascospores inoculated on green leaf 

tissue either fail to germinate (Jamaux et al., 1995), or induce hypersensitive response 

(HR)-like defense reactions, characterized by the browning and granulation of the cell 

cytoplasm of host epidermal cells, and the restriction of nascent invasive hyphae 

development (Sutton & Deverall, 1983). Low temperature and high humidity are 

conductive to S. sclerotiorum disease epidemics, for favoring sclerotia carpogenic 

germination and ascospore survival (Bolton et al., 2006).  

S. sclerotiorum is a homothallic fungus and can produce apothecia and 

ascospores from sclerotia without outcrossing. On one apothecium, tens of millions of 

asci can be produced and each sclerotium may produce multiple apothecia; thus it is 

possible for half-a-billion ascospores to be discharged from a single sclerotium. 

Ascospores are binucleate and formed within cylindrical asci, which lay within the 

concave apothecium surface and are aligned together into a hymenial layer (2-10 mm 

diameter). Unlike ascospores, the S. sclerotiorum vegetative hyphae are multinucleate.  

The necrotrophic infection of S. sclerotiorum involves tightly-regulated 

morphogenic events. On plant surfaces, the fungal hyphae tips first differentiate 

appressoria structures (Abawi, 1975; Sedun & Brown, 1987), occurring through the 

serial recurrent events of growth retardation, swelling, and subsequent bifurcation. The 

appressorium structural complexity ranges from a single-cell simple appressorium, a 

multicellular compound appressorium, to a millimeter-sized ‘infection cushion’ (Abawi, 
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1975; Tariq & Jeffries, 1984), the complexity of which are positively-correlated with 

substrate penetration resistance. Within a compound appressorium, hyphal tips are 

compactly aligned perpendicular to the inducive surface, with each tip having the 

potential to initiate independent penetration (Lumsden & Wergin, 1980). Compound 

appressoria are dark, melanized and covered with mucilage. Compound appressorium-

mediated cuticle penetration may involve both mechanical force and localized 

cutinolysis (Lumsden & Wergin, 1980; Tariq & Jeffries, 1984; Tariq & Jeffries, 1986). 

Besides plant surface, contacts with many artificial solid surfaces (e.g. dialysis tube, 

cellophane, parafilm, plastics, glass) also induce appressorium formation. After cuticle 

penetration, S. sclerotiorum sequentially differentiates subcuticular vesicles, ‘infectious 

hyphae’ (17.0 μm, diameter) and ‘ramifying hyphae’ (8.5 μm, diameter). The ‘infectious 

hyphae’ spread subcuticularly and the ‘ramifying hyphae’ spread inter- and 

intracellularly (Lumsden & Dow, 1972). In the late disease stage, ‘ramifying hyphae’ 

spread out of the colonized tissue and develop sclerotia, which rest for a long time and 

germinate under conductive conditions, initiating a new round of disease cycle.  

Disease management 

In the field, diseases caused by S. sclerotiorum are challenging to control. So far 

no completely-resistant cultivars are available. Resistance breeding is impeded by the 

difficulty in identifying and utilizing the quantitative and minor-effect resistance genes 

(Peltier et al., 2012). Cultural practices and fungicide application are two important 

disease management strategies (Peltier et al., 2012). Crop rotation reduces the number 

of viable sclerotia in soil (Workneh & Yang, 2000); however the effectiveness of such 

strategy can be affected by the long-term survival of sclerotia and the broad host range 

of the pathogen (Adams & Ayers, 1979). Reduced tillage treatment reduces sclerotia 
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survival but promotes sclerotia germination, causing a varied effect of tillage treatment 

on disease outcome among different conditions (Kurle et al., 2001; Mueller et al., 2002).  

Biological control is another promising disease management strategy. 

Coniothyrium minitans is an Ascomycota mycoparasite which can efficiently colonize 

the sclerotia of S. sclerotiorum, and has been commercialized as a biocontrol product 

named ‘Contans’. The potential effectiveness of Contans has been demonstrated for 

multiple crops in several field trails (Budge & Whipps, 2001; Chitrampalam et al., 

2008; McQuilken & Chalton, 2009). Unlike fungicide treatment which impedes pathogen 

infection, Contans reduces the number of viable sclerotia in soil, thus reduce the 

potential inoculum in the following season. A combined application of fungicides in the 

growing-season and sclerotium-targeting biocontrol agents in the off-season is a 

promising strategy for sustainable disease control (Chitrampalam et al., 2011).   

S. sclerotiorum pathogenesis relies on the pathogen’s ability to accumulate high 

concentrations of oxalic acid (OA) (Godoy et al., 1990). Thus, engineering plants to 

express oxalate degrading enzymes such as oxalate decarboxylase (OxDC) or oxalate 

oxidase (OxO) has been implicated as an alternative disease management strategy. 

Transgenic plants demonstrating improved disease resistance have been generated in 

soybean, sunflower, and tobacco (Kesarwani et al., 2000; Donaldson et al., 2001; Burke 

& Rieseberg, 2003; Hu et al., 2003b; Cunha et al., 2010).  

Virulence Factors of Necrotrophic Fungal Plant Pathogens              

Phytotoxins 

Successful infection by necrotrophs relies largely on the ability to induce host cell 

death (Govrin & Levine, 2000; Dickman et al., 2001; Mengiste, 2012). Necrotrophic 

fungi utilize small molecular weight or proteinaceous phytotoxins for this purpose. 
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Phytotoxin-triggered necrosis typically occurs from the very beginning of infection and is 

likely critical for nutrient acquisition and host colonization (Weiergang et al., 

1996; Horbach et al., 2011; Liu et al., 2012). Phytotoxins can be classified into host-

selective toxins (HSTs) and non-HSTs based on their activity spectrums. HSTs target 

specific host varieties or species while non-HSTs target structural or functional features 

conserved among a wide range of plant species (Horbach et al., 2011).  

Currently, most identified HSTs are produced by Dothideomycetes fungi. HSTs 

can be either low-molecular-weight secondary metabolites (SMs) or high-molecular-

weight proteinaceous factors. SM HSTs show dramatic diversity in their chemical 

structures, toxic effects and modes of action (Laluk & Mengiste, 2010). The SM HSTs 

produced by different pathotypes of Alternaria alternata, for instance, include ester 

derivatives of epoxy-decatrienoic acid, cyclic tetrapeptides, sphinganine analogs, and 

polyketides and these toxins target distinctive cellular compartments including the 

plasma membrane, chloroplast, mitochondria, endoplasmic reticulum, and Golgi (Tsuge 

et al., 2013). Resistances against SM-HST-producing necrotrophs are generally 

conditioned by the lack of SM-HST target or the presence of SM-HST detoxification 

machinery within the plant hosts (Meeley et al., 1992; Ohtani et al., 2002). Besides SM-

HSTs, necrotrophs also produce proteinaceous HSTs. Different races of Pyrenophora 

tritici-repentis and Stagonospora nodorum, for instance, secrete different proteinaceous 

toxins which confer disease susceptibility on wheat varieties determined in a reverse 

‘gene for gene’ recognition manner (Friesen et al., 2008). 

HSTs are not the sole determinants of pathogenicity or host specificity. For 

instance, many tobacco species are immune to the toxin-producing A. alternata tomato 
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pathotype despite a high sensitivity toward AAL-toxin (Brandwagt et al., 2001); many 

Fumonisin B1 (FB1)-producing Fusarium spp. could not infect FB1-sensitive tomato 

plants (Tsuge et al., 2013); Cochliobolus heterostrophus retained a low-level virulence 

on T-cms maize when T-toxin production was abolished (Stergiopoulos et al., 2013).              

  Besides HSTs, fungal necrotrophs also produce non-HSTs. These toxins are 

also biochemically diverse with polyketide- and terpene-derived compounds making up 

the majority of the characterized classes. An example of the variation and ubiquity of 

certain chemical classes of toxins can be seen in the Dothideomycota spp. where over 

20 species produce perylenequinones. Oxalic acid (OA) is a non-HST that triggers 

apoptotic programmed cell death (PCD) (Errakhi et al., 2008; Kim et al., 2008b) and is 

presumably important for the pathogenesis of a range of broad host range necrotrophs 

including S. sclerotiorum, B. cinerea, Rhizoctonia solani, and Sclerotium rolfsii (Dutton & 

Evans, 1996). Botcinic acids and botrydials are polyketide- and sesquiterpene-related 

toxins inducing chlorosis and cell collapse in leaves of many plant species. They 

contributes toward B. cinerea infection in a strain-dependent manner (Colmenares et 

al., 2002; Reino et al., 2004; Pinedo et al., 2008; Dalmais et al., 2011; Rossi et al., 

2011). In B. cinerea, proteins such as the necrosis and ethylene-inducing peptide 1 

(Nep-1) (Cuesta Arenas et al., 2010), the xylanase Xyn11A (Noda et al., 2010), and the 

cerato-platanin BcSpl1 (Frías et al., 2013) can also trigger plant necrosis reactions in a 

non-host specific manner.  

Reactive oxygen species 

Reactive oxygen species (ROS) play a central role in plant microbe interactions. 

As a messenger signal, ROS regulates pathogen infection-related morphogenesis, host 

cell death and host defense reactions. To overcome oxidative stress associated with 
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ROS accumulation, many pathogens evolve to activate their anti-oxidation machinery 

during host colonization. While this is the general scene regarding the involvement of 

ROS in plant pathogen interactions, the specific interaction effects of ROS can be 

complicated, depending on the ROS source, the spatio-temporal accumulation, and the 

specific host and pathogen involved.  

Both pathogen- and host-derived ROS have been documented during B. cinerea 

host colonization with ultrastructural staining (Tenberge et al., 2002). Studies have 

linked these ROS accumulations with either disease resistance or susceptibility to 

infection. Resistance to oxidants positively correlated with resistance. ROS-antagonists 

induced resistance against B. cinerea infection (Elad, 1992; Tiedemann, 1997; Govrin & 

Levine, 2000; Hafez et al., 2012). Moreover, an elicitor was isolated from the 

intercellular fluid extract of infected Arabidopsis thaliana leaves, which induced ROS, 

PCD, and more importantly, increased disease susceptibility to B. cinerea (Govrin et al., 

2006).  

In contrast with the reports mentioned-above, a positive correlation between 

increased ROS accumulation and enhanced resistance against B. cinerea infection was 

observed under conditions including o-hydroxyethylorutin treatment, leaf wounding, 

oxalate decarboxylase-transgenic plants,  cuticle-biosynthesis (bdg, lacs2.3) or abscisic 

acid-deficient (aba2, aba3, sitiens) mutants (Małolepsza & Urbanek, 2002; Asselbergh 

et al., 2007; Bessire et al., 2007; Curvers et al., 2010; L'Haridon et al., 2011). In some 

cases the resistance phenotype could be reverted by diphenyleneiodonium or 

antioxidant treatments (Małolepsza & Urbanek, 2002; Asselbergh et al., 2007; L'Haridon 

et al., 2011). In another independent study, the infections of an aggressive B. cinerea 
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isolate and a non-aggressive isolate on tomato plants were compared (Unger et al., 

2005). The non-aggressive isolate induced a strong oxidative burst and a restricted HR-

like dark brown lesion whereas the aggressive isolate generated a rapidly spreading 

light brown lesion with limited ROS accumulation.  

The role of ROS in the interaction between S. sclerotiorum and its hosts is also 

complicated. S. sclerotiorum induces a reduced host redox status at the early stages of 

infection for defense suppression, but induces elevated host ROS accumulation for 

necrosis induction at late stages of infection (Williams et al., 2011). Timely activation of 

ROS signaling likely confer enhanced resistance against S. sclerotiorum infection. 

Treating plants with antioxidants or diphenyleneiodonium (DPI, NADPH oxidase 

inhibitor) facilitates the early infection establishment (Williams et al., 2011). The A. 

thaliana rboh-D rboh-F double mutant (defective in NADPH oxidase) was 

hypersusceptible to S. sclerotiorum infection (Perchepied et al., 2010; Zhou et al., 

2013). Thiamine, which activates NADPH oxidase-dependent ROS signaling, induces 

enhanced resistance in A. thaliana (Zhou et al., 2013).  

During infection, necrotrophic fungi encounter significant oxidative stress and 

presumably they must activate their oxidative stress response systems for self-

protection. In fungi, the basic leucine zipper domain activator protein1 (AP-1, Yap1p in 

Saccharomyces cerevisiae) is a central regulator of oxidative stress response. In 

response to H2O2,  AP-1 goes through conformation change and translocates into the 

nucleus where it activates the transcription of genes related to oxidative stress tolerance 

including catalases, peroxidases, thioredoxins, and others (Herrero et al., 2008). AP-1 

homologs are critical for the pathogenic success of Ustilago maydis (Molina & 
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Kahmann, 2007), Magnaporthe oryzae (Guo et al., 2011), Candida albicans (Jain et al., 

2013) and Alternaria alternata (Lin et al., 2009), but dispensable for the full virulence of 

B. cinerea (Temme & Tudzynski, 2009), Cochliobolus heterostrophus (Lev et al., 2005), 

and Aspergillus fumigatus (Lessing et al., 2007). Thus the pathogenic importance of 

AP1-mediated oxidative stress response varies among pathogens. In B. cinerea, the 

transcript accumulation of AP-1-dependent genes could be activated by exogenous 

H2O2 treatment but not by plant infection, suggesting the lack of an obvious oxidative 

stress during host colonization (Temme & Tudzynski, 2009). The contribution of the AP-

1 homolog toward S. sclerotiorum pathogenesis has not been hitherto determined. 

However, knock out of a Cu/Zn superoxide dismutase gene Ss-sod1 caused reduced 

virulence and elevated in planta superoxide accumulation (Veluchamy et al., 2012; Xu & 

Chen, 2013). 

Pathogen-derived ROS can regulate fungal infection-related morphogenesis 

(Tenberge et al., 2002; Shinogi et al., 2003; Egan et al., 2007). In filamentous fungi, 

NADPH oxidase (Nox) is best known for ROS generation (Malagnac et al., 2004; Egan 

et al., 2007; Segmüller et al., 2008). Nox gene disruption affects cuticle penetration 

mediated by appressorium in M. grisea, B. cinerea, A. alternata, and Claviceps 

purpurea (Egan et al., 2007; Giesbert et al., 2008; Segmüller et al., 2008; Morita et al., 

2013; Ryder et al., 2013; Yang & Chung, 2013), demonstrating the conservation of this 

regulatory machinery among fungal plant pathogens. Nox protein may contribute toward 

the penetration process through regulating cell polarity reestablishment and penetration 

peg differentiation (Ryder et al., 2013). In S. sclerotiorum, the Ss-nox1 gene knock-
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down mutant shows reduced virulence as well as reduced level of OA accumulation; 

however, its effect on infection structure formation was not assayed (Kim et al., 2011). 

Cell wall degrading enzymes   

The plant cell wall is a key plant pathogen interaction interface. Invading 

microbes need to overcome the cell wall barrier for invasive growth and nutrient 

absorption; at the same time, the cell wall is also a key organelle where the plant hosts 

perceive the initial microbial infection and express defense reactions such as the 

accumulation of antimicrobial secondary metabolites, callose, and ROS (Underwood, 

2012). In nature, cell wall degrading enzymes (CWDEs, cellulases, hemicellulases and 

pectinases) are ubiquitously secreted by plants and microbes, contributing toward both 

plant biomass degradation and microbial pathogenesis (Brink & Vries, 2011). While the 

CWDEs of microbial pathogens are not the key determining factors in host specificity, 

they are important virulence factors allowing for basic infection (Walton, 1994). With the 

aid of CWDEs, invaded pathogens can successfully obtain nutrients either directly from 

cell wall degradation, or indirectly from the disruption or colonization of plant cytosol; in 

addition, CWDEs also cause tissue maceration and soft rot symptoms through 

hydrolysis and necrosis-inducing effects. Fungal CWDEs have extremely high sequence 

diversity and functional redundancy. The glycoside hydrolyases, carbohydrate 

esterases, and polysaccharide lyases from representative fungal genomes, for instance, 

form at least 35, three, and six protein families respectively (Brink & Vries, 2011). The 

expression of CWDEs is tightly-regulated by carbon source availability, host tissue 

types and infection phases (Walton, 1994; Reignault et al., 2008). The virulence 

contribution of individual CWDE is difficult to demonstrate due to functional redundancy. 

The overall importance of CWDEs, however, could be demonstrated via either 
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disrupting the up-stream signal components or via the simultaneous silencing of multiple 

CWDEs. 

Pectinases are a group of extracellular enzymes which can be classified into 

pectin methylesterase (PME), polygalacturonases (endo-PG, exo-PG), and pectate 

lyases (endo-PL, exo-PL) based on their modes of action and substrate specificities. 

The correlation extent between strain pectinase activity and disease severity varies 

among pathogens. In Sclerotinia fructigena, virulence was strongly correlated with α-L-

arabinofuranosidase activity, but not with PG or PL activity (Howell, 1975). In B. cinerea 

(Reignault et al., 2000), Verticillium albo-atrum (Durrands & Cooper, 1988) and 

Didymella bryoniae (Zhang et al., 1999), pectinase activity was correlated with disease 

symptom development. Interestingly, in B. cinerea and V. albo-atrum, pectinase-

deficient mutants exhibit defects in symptom development but not in the extent of fungal 

colonization. The effect of pectinase gene disruption on pectinase activity and 

pathogenicity also varies. Single or double gene disruption of PGs results in reduced 

virulence in B. cinerea (Have et al., 1998; Valette-Collet et al., 2003; Kars et al., 2005), 

Aspergillus flavus (Shieh et al., 1997), and Alternaria citri (Isshiki et al., 2001). 

Disruption of pel gene reduced virulence in Nectria haematococca (Rogers et al., 2000), 

Colletotrichum gloeosporioides (Yakoby et al., 2001), C. coccodes (Ben-Daniel et al., 

2012), and C. lindemuthianum (Cnossen-Fassoni et al., 2013). In contrast, the double 

knock out mutant of pgx1 and pgn1 genes in Cochlioboblus carbonum showed less than 

1% of the wild type PG activity, but showed normal virulence. On medium with pectin as 

the sole carbon source, the double mutant grew similarly as the wild type (Scott-Craig et 

al., 1998). The S. sclerotiorum genome encodes five endo-PGs, which are differently 
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regulated during infection and in response to pH and nutrient conditions (Cotton et al., 

2003; Kasza et al., 2004; Li et al., 2004; Bashi et al., 2012). None of the S. sclerotiorum 

endo-PG, however, has been hitherto functionally characterized via gene disruption. 

Compared with pectinases, cellulases and hemicellulases are much less-well 

characterized. Cellulases typically include β-1,4-endoglucanases (EGL), 

cellobiohydrolase (CBH) and β-glucosidases (BGL). Disruption of single β-1,4-

endoglucanase in Cochliobolus carbonum (Sposato et al., 1995) and B. cinerea (Espino 

et al., 2005) did not affect virulence. However, simultaneous knock-down of seven 

cellobiohydrolases in Magnaporthe oryzae caused virulence reduction (Van Vu et al., 

2012). Xylan is predominantly decomposed by endo-β-1,4-xylanase. Target disruption 

of individual endoxylanase gene did not affect virulence in Cochliobolus carbonum, 

Fusarium oxysporum, and M. grisea (Beliën et al., 2006). However, simultaneous 

silencing of multiple endoxylanases in M. grisea caused dramatic virulence reduction 

(Nguyen et al., 2011). Recently, gene disruption of a β-xylosidase precursor was 

reported to reduce S. sclerotiorum virulence on canola, demonstrating the contribution 

of hemicellulose activity toward its necrotrophic infection (Yajima et al., 2009). 

In addition to cell wall dhydrolysis, CWDEs (PG, PL, xylanase) also elicit host 

necrosis, in a manner either dependent or independent of their hydrolytic activities 

(Boudart et al., 2003; Kars et al., 2005; Ferrari et al., 2008). B. cinerea has five endo-

PGs, among which BcPG1 and BcPG2 showed the strongest necrosis-triggering 

activities and contributed significantly toward virulence (Have et al., 1998; Kars et al., 

2005). Necrosis-inducing activities of PGs from B. cinerea and Colletotrichum 

lindemuthianum depend on their PG activities, likely through a hydrolytic release of 
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oligogalacturonide (OG) elicitors (Boudart et al., 2003; Kars et al., 2005). In S. 

sclerotiorum, necrosis-inducing PGs have also been reported (Boudart et al., 

2003; Zuppini et al., 2005; Bashi et al., 2013). Ss-PG3 and Ss-PG6 induce necrosis in a 

light-dependent manner. Besides endo-PGs, endoxylanases can also trigger necrosis. 

Endoxylanases belong either to glycoside hydrolase family 10 (GH 10) or glycoside 

hydrolase family 11 (GH 11). Currently all necrosis-inducing endoxylanases are family-

11 members (Enkerli et al., 1999). The B. cinerea endoxylanase Xyn11A contributed 

moderately to the total xylanase activity, but contributed significantly toward virulence 

and induced necrosis (Brito et al., 2006). Catalytically-impaired Xyn11A protein variant 

maintained a full necrosis-inducing potential, and could fully complement the virulence 

defect of the xyn11A gene knock out mutant (Noda et al., 2010). Thus Xyn11A 

contributes toward B. cinerea infection through inducing necrosis rather than cell wall 

hydrolysis. 

Plant Defense Responses to Necrotrophic Fungi 

Innate immune reactions 

Necrotrophic and biotrophic fungi colonize plants with significantly different 

infection strategies, and elicit distinctive yet overlapping immune reactions. The 

hypersensitive reaction which effectively limits biotrophic infection does not limit and 

may actually facilitate necrotrophic infection (Govrin & Levine, 2000). While resistance 

against biotrophs mainly involves salicylic acid (SA) signaling pathway, resistance 

against necrotrophic fungi is more dependent on ethylene (ETH) and jasmonic acid (JA) 

signaling pathways. Damage associated molecular patterns (DAMPs) generally play a 

more important role for the innate perception of necrotrophs compared with pathogen 

associated molecular patterns (PAMPs). It is worthy to note that overlapping 
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mechanisms can function in resistance against pathogens with different nutrient 

strategies, and pathogens with the same infection strategy may elicit different resistance 

responses.   

Polygalacturonase inhibitor proteins (PGIPs) are cell wall-associated leucine-

rich-proteins that inhibit the activity of PGs with high specificity. PGIPs can limit 

necrotrophic infection directly by inhibiting PG-mediated cell wall hydrolysis or indirectly 

by promoting the formation of longer oligogalacturonides (OGs) with higher elicitor 

activity. PGIP transgenic plants were reported to show enhanced disease resistance 

against B. cinerea (Powell et al., 2000), Fusarium graminearum (Ferrari et al., 2012), 

Alternaria alternata and Colletotrichum nicotianae (Wang et al., 2013). In a recent 

report, the Brassica napus PGIP2 partially inhibited the necrotic activity triggered by the 

S. sclerotiorum Ss-PG3 and Ss-PG6. Moreover the A. thaliana line expressing the 

BnPGIP2 gene showed elevated resistance against S. sclerotiorum infection (Bashi et 

al., 2013). 

Cell wall composition is another factor affecting necrotrophic resistance. A. 

thaliana mutants impaired in cellulose synthase (IRX/CESAs) showed enhanced 

resistance to Plectosphaerella cucumerina and B. cinerea (Hernández-Blanco et al., 

2007). The resistance was associated with elevated ABA-responsive genes and genes 

related to the biosynthesis of antimicrobial metabolites. The A. thaliana ERECTA (ER) 

Receptor-Like Kinase (RLK) mediates resistance to P. cucumerina, and the resistance 

was associated with cell wall modifications such as altered callose and uronic acid 

contents (Llorente et al., 2005; Sánchez-Rodríguez et al., 2009). The A. thaliana agb1 

mutant showed enhanced susceptibility to P. cucumerina, B. cinerea and F. oxysporum 
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f. sp. conglutinans, which was associated with altered cell wall functions but not 

hormone signaling (Delgado-Cerezo et al., 2012).  

Plant cuticle is an important physical barrier against pathogen invasion. 

Interestingly, A. thaliana mutants or transgenic A. thaliana lines with reduced cuticle 

content demonstrated enhanced rather than reduced resistance against necrotrophic 

infections (Bessire et al., 2007; Chassot et al., 2007; Tang et al., 2007). A diffusion of 

fungitoxic activity was observed in these transgenic or mutant lines (Bessire et al., 

2007; Chassot et al., 2007). Likely a permeable cuticular layer enhances the diffusion of 

fungal elicitors and fungitoxic compounds.  

The perception of P/DAMPs triggers innate immunity reactions. 

Oligogalacturonides (OGs), chitin fragments, cutin monomers, and some peptides are 

important P/DAMPs associated with necrotrophic infection. OGs are derived from pectin 

hydrolysis and are perceived through the cell wall associated receptor kinase WAK1 

(Brutus et al., 2010). In A. thaliana, OG treatment and transgenic lines overproducing 

WAK1 induced enhanced resistance against B. cinerea infection (Ferrari et al., 

2007; Mengiste, 2012). Chitin fragments derived from fungal cell wall hydrolysis are 

perceived by the plant receptor like kinases (RLKs) CEBiP and CERK1. LYM2, a CEBiP 

homolog from A. thaliana, contributed toward resistance against Alternaria brassicicola 

(Narusaka et al., 2013). Whereas cutin monomers induce defense reactions against 

fungal pathogens (Schweizer et al., 1996; Fauth et al., 1998), the corresponding 

receptor is currently unknown. Pep1 is an endogenous peptide elicitor cleaved out of 

the precursor protein PROPEP1 upon cell damage, the peptide elicitor has been 

identified in both A. thaliana and maize; in A. thaliana, Pep1 induced enhanced 
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resistance against Pythium irregular and B. cinerea (Huffaker & Ryan, 2007; Liu et al., 

2013); in maize, ZmPep1 induced enhanced resistance against Cochliobolis 

heterostrophus and Colletotrichum graminicola (Huffaker et al., 2011). The signaling 

pathways of different P/DAMPs can converge in the downstream signaling transduction, 

with one converging point being BIK1 (Botrytis-induced kinase 1), a receptor-like 

cytoplasmic kinase which interacts with multiple pattern recognition receptors (PRRs) 

such as FLS2, EFR, and PEPR1/2 (Liu et al., 2013). BIK1 contributes significantly 

toward resistance against B. cinerea infection (Veronese et al., 2006). Signaling 

transduction post P/DAMPs perception finally triggers hormone-signaling pathways and 

gene transcription networks, which can be complex involving both synergistic and 

antagonistic interactions among different pathways, with the interaction outcome 

determined in a context-dependent manner (Mengiste, 2012).  

Cell death control and reactive oxygen species  

Cell death control plays a central role in plant pathogen interaction. Cell death-

promoting factors generally facilitate necrotrophic infections. A. thaliana HR-deficient 

dnd1 mutant showed enhanced resistance against infections by S. sclerotiorum and B. 

cinerea (Govrin & Levine, 2000); transgenic tobacco expressing the anti-apoptotic gene 

Bcl-xl or CED-9 showed enhanced resistance against infections by S. sclerotiorum, B. 

cinerea and Cercospora nicotianae (Dickman et al., 2001); A. thaliana autophagy 

mutants showing runway cell death symptom were more susceptible to Alternaria 

brassicicola (Lenz et al., 2011), B. cinerea (Lai et al., 2011), and S. sclerotiorum 

(Kabbage et al., 2013); the A. thaliana BOS1 (BOTRYTIS-SUSCEPTIBLE1) is an 

R2R3MYB transcription factor critical for resistance against B. cinerea and Alternaria 

brassicicola through restricting spreading necrosis (Mengiste et al., 2003).  
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The effect of reactive oxygen species (ROS) toward necrotrophic resistance is 

not very straightforward. On the one hand, ROS triggers PCD and promotes 

susceptibility (Govrin & Levine, 2000; Asai & Yoshioka, 2009). On the other hand, timely 

ROS accumulation also leads toward defense reactions and necrotrophic resistance 

(Kunz et al., 2006; Asselbergh et al., 2007; Curvers et al., 2010). Likely the timing and 

dynamic of ROS, rather than the production itself, is more relevent to resistance 

effectiveness. During infection, S. sclerotiorum requires a reduced host redox 

environment at its early infection phase (Williams et al., 2011), correspondingly a timely 

oxidative burst triggered via thiamine treatment induces resistance against S. 

sclerotiorum infection (Zhou et al., 2013). In addition, earlier or elevated accumulation of 

H2O2 has been associated with elevated resistance against S. sclerotiorum infection 

(Perchepied et al., 2010; Hu et al., 2003a; Walz et al., 2008; Rietz et al., 2012).  

Antifungal secondary metabolites 

Upon pathogen or insect challenge, plants produce flavonoids, terpenoids, 

indoles, and other secondary metabolites (Darvill & Albersheim, 1984), among which 

camalexin and glucosinolates are best known for their involvements in necrotrophic 

resistance. The A. thaliana cyp79B2 cyp79B3 double mutant, which is defective in 

producing tryptophan-derived metabolites including camalexin and glucosinolates, 

showed increased susceptibility to both Phytophthora brassicae (Schlaeppi et al., 2010) 

and Plectosphaerella cucumerina (Sanchez-Vallet et al., 2010). The production of 

tryptophan-derived metabolites regulated by cyp79B2  and cyp79B3 is also required for 

MILDEW RESISTANCE LOCUS O2 (MLO2) conditioned antifungal activity against 

powdery mildew and B. cinerea (Consonni et al., 2010).  
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Camalexin (3-thiazol-2’-yl-indole) is a sulfur-containing tryptophan-derived 

phytoalexin produced by cruciferous plants which exerts its microbial toxicity by 

disrupting membrane integrity (Browne et al., 1991; Tsuji et al., 1992). In A. thaliana, 

approximately one half of the quantitative trait loci controlling B. cinerea resistance are 

associated with camalexin biosynthesis (Rowe & Kliebenstein, 2008). A. thaliana 

mutants defective in camalexin accumulation showed increased susceptibility to B. 

cinerea and Alternaria brassicicola (Zhou et al., 1999; Ferrari et al., 2003). UPS1 and 

PAD3, two A. thaliana genes critical for camalexin accumulation, played central roles in 

elicitor- (flagellin, oligogalacturonides) and wounding-induced elevation of resistance 

against B. cinerea infection (Ferrari et al., 2007; Chassot et al., 2008).  

Glucosinolates are sulfur- or nitrogen-containing glucosides activated into 

bioactive antimicrobial derivatives upon cell damage. Glucosinolates are mainly 

produced by Brassicaceae plants and can be divided into aliphatic, aromatic, and indole 

classes based on the amino acid precursor. Indole glucosinolates are the ones best-

known for their involvements in fungal disease resistance (Kim et al., 2008a; Bednarek 

et al., 2009; Clay et al., 2009). The A. thaliana PEN2 encodes a myrosinase catalyzing 

the production of bioactive metabolites derived from the indole glucosinolate precursor 

4-methoxyindol-3-ylmethylglucosinolate (4MI3G) (Bednarek et al., 2009). PEN2 

localizes to peroxisomes and shows an inductive accumulation at fungal penetration 

sites (Lipka et al., 2005). PEN2 is a key genetic regulator of the A. thaliana nonhost 

resistance against powdery mildew (Lipka et al., 2005), Colletotrichum spp. (Hiruma et 

al., 2010), Phytophthora infestans (Schlaeppi et al., 2010), and Magnaporthe oryzae 

(Nakao et al., 2011). In addition, it also contributes toward resistance against the 
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adapted pathogens Pythium irregulare (Adie et al., 2007) and Plectosphaerella 

cucumerina (Lipka et al., 2005). Thus the PEN2-derived indole glucosinolate 

metabolites is an important preinvasive resistance component against both biotrophic 

and necrotrophic fungi. 

Recent study has shown that camalexin and indole glucosinolates also 

contributes toward resistance against S. sclerotiorum infection (Stotz et al., 2011). S. 

sclerotiorum infection induced a strong up-regulation of genes related to camalexin and 

glucosinolate biosynthesis in A. thaliana. A. thaliana plants deficient in camalexin or 

glucosinolate accumulation showed hypersusceptibility toward S. sclerotiorum infection. 

Among them, 8-methylsulfinyloctyl isothiocyanate, an aliphatic glucosinolate-derived 

compound, was demonstrated to be highly toxic toward S. sclerotiorum. 

Molecular Regulation of the S. sclerotiorum Infection Process 

Compound appressoria are critical infection structures involved in cuticle 

penetration and early infection establishment of S. sclerotiorum. Disruption of the S. 

sclerotiorum ggt1, caf1, and sac1 genes abolished compound appressorium 

development and correspondingly caused host penetration defects (Jurick & Rollins, 

2007; Li et al., 2012; Xiao et al., 2013). Germinated ascospores need a nutrient-

conditioned saprophytic growth phase before differentiating compound appressoria, a 

likely reason that the ascospores of S. sclerotiorum could not directly infect healthy 

plant leaf and stem tissues (Purdy, 1958; Abawi, 1975). Besides nutrients, compound 

appressorium formation is also regulated by hard surface contact and cAMP signaling 

(Purdy, 1958; Tariq & Jeffries, 1984; Jurick & Rollins, 2007). It is unknown how S. 

sclerotiorum perceives surface signals for triggering the formation of compound 

appressoria. A likely regulatory component would be Msb2, a transmembrane mucin-
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type protein regulating surface-sensing and infection structure development in Fusarium 

oxysporum (Pérez-Nadales & Di Pietro, 2011), Ustilago maydis (Lanver et al., 2010), 

and Magnaporthe oryzae (Liu et al., 2011).  

In Colletotrichum spp. and Magnaporthe spp., unicellular appressorium 

penetration is largely mediated by hydrostatic pressure-associated physical force, the 

establishment and maintenance of which requires the formation of a melanized cell wall 

layer (Howard & Ferrari, 1989; Kubo et al., 1996; Lin et al., 2012). Compound 

appressoria produced by S. sclerotiorum are also melanized, with the melanine being 

derived from dihydroxynaphthalene (DHN) (Starratt et al., 2002; Butler et al., 2009), 

same as in Colletotrichum and Magnaporthe spp. However, it is unknown whether 

appressorium melanization contributes significantly toward the S. sclerotiorum 

penetration success. During cuticle penetration, the S. sclerotiorum compound 

appressoria form penetration pores through local cell wall alteration or degradation. The 

nascent penetration pegs were perceived to be wall-less or to contain a very thin layer 

of cell wall (Tariq & Jeffries, 1985); these characteristics suggest cutinolysis as the 

major force for cuticle penetration. Similar observation has also been made in the 

closely-related fungus B. cinera (McKeen, 1973). As cuticle disruption only occurs at the 

penetration sites but not above the spreading subcuticular infectious hyphae, cutinase 

activity must be finely regulated if it is penetration-related (Tariq & Jeffries, 1985). S. 

sclerotiorum has four cutinase genes, one of which (SsCutA) has been characterized for 

its transcripts accumulation (Bashi et al., 2012). SsCutA expression showed a sharp 

induction upon solid surface contact, indicating a thigmotrophic regulation; SsCutA 

expression also showed a steady increase at the early phases of infection (from 1 hpi to 
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24 hpi). The contribution of SsCutA toward penetration is unclear, but knock-out 

disruption of its ortholog in B. cinerea did not affect penetration or virulence (van Kan et 

al., 1997). NADPH oxidases are critical for cuticle penetration in many pathogenic fungi 

including B. cinerea (Egan et al., 2007; Giesbert et al., 2008; Segmüller et al., 

2008; Morita et al., 2013; Ryder et al., 2013; Yang & Chung, 2013). The S. sclerotiorum 

genome contains two Nox-encoding genes, SsNox1 and SsNox2. Gene silencing study 

indicated that SsNox1 but not SsNox2 contributed toward fungal virulence (Kim et al., 

2011). However the contribution of SsNox1 toward compound appressorium formation 

and compound appressorium-mediated cuticle penetration were not assayed.   

Following cuticle penetration, the penetration pegs of S. sclerotiorum enlarge 

rapidly into a subcuticular vesicle, from which subcuticular infectious hyphae 

differentiate. In studies with B. cinerea, enzymatic disruption of the epidermal cell wall 

and the collapse of the epidermal cells were usually evident at the penetration sites 

(McKeen, 1973; Mansfield & Richardson, 1981), which may similarly occur during S. 

sclerotiorum infection. The B. cinerea ‘infectious hyphae’ are necrotrophic in nature as 

they never come in contact with an intact plasmamembrane during infection (Mansfield 

& Richardson, 1981). During S. sclerotiorum infection, the subcuticular infectious 

hyphae could transiently grow over living epidermal cells, suggesting the host cell death 

may not occur as rapidly as previously thought (Kabbage et al., 2013).  

Oxalic acid (OA) plays a central role in the pathogenic process of S. sclerotiorum. 

UV generated ‘oxalate minus mutants’ showed severely limited virulence on a range of 

plant hosts (Godoy et al., 1990). Transgenic plants expressing OA-degrading enzymes 

showed enhanced resistance against S. sclerotiorum infection (Donaldson et al., 



38 
 

2001; Hu et al., 2003a; Livingstone et al., 2005). During pathogenesis, OA may play 

multiple virulence functions. Firstly it functions as a general non host-specific toxin, 

inducing wilting and ROS-dependent PCD (Noyes & Hancock, 1981; Guimaraes & 

Stotz, 2004; Errakhi et al., 2008; Kim et al., 2008b; Lampl et al., 2013); secondly OA is 

an important pH regulator, creating an acidic pH environment which favors endo-PG 

gene expression and endo-PG enzymatic activity (Marciano et al., 1983; Cotton et al., 

2003; Rollins, 2003; Favaron et al., 2004); thirdly, OA chelates metal ions including 

Ca2+, Cu2+ and Mg2+, which facilitates pectin degradation, inhibits polyphenol oxidase 

activity and disrupts chloroplast integrity respectively (Dutton & Evans, 1996); lastly OA 

also suppresses host defense reactions and regulates host cell death (Cessna et al., 

2000; Williams et al., 2011; Heller & Witt-Geiges, 2013; Kabbage et al., 2013). 

Due to its pathogenic importance, OA metabolism in S. sclerotiorum has been 

studied for a long time. Both nutrient and pH conditions are important regulators of OA 

accumulation. S. sclerotiorum can take advantage of diverse simple and complex 

carbon sources for OA biosynthesis and the OA accumulation is strongly induced under 

alkaline pH condition (Maxwell & Lumsden, 1970; Vega et al., 1970; Marciano et al., 

1989; Rollins & Dickman, 2001; Culbertson et al., 2007). Disruption of the ambient pH 

response regulator Ss-Pac1 abolished alkaline-induced OA accumulation and caused 

virulence reduction (Rollins, 2003).  

OA accumulation in S. sclerotiorum most likely occurs through oxaloacetate 

acetylhydrolase (Oah)-mediated hydrolysis of the substrate oxaloacetate. The 

oxaloacetate precursor can potentially derive from the mitochondria-localized 

tricarboxylic acid cycle (TCA cycle), or the peroxisome-located glyoxylate cycle (Liberti 
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et al., 2013). Disruption of the S. sclerotiorum carnitine transferase gene Ss-pth2 

abolished the capacity to utilize 2-C carbon source and fatty acid for OA biogenesis 

(Liberti et al., 2013). The OA accumulation level in S. sclerotiorum may not be solely 

determined by its biosynthesis, but also by its degradation. Oxalate decarboxylase 

(OxDC), an enzyme involved in OA degradation, has been previously reported in S. 

sclerotiorum (Magro et al., 1988). The S. sclerotiorum genome encodes two putative 

OxDC enzymes, but their contributions to OA accumulation and roles in virulence have 

not been determined.  

Recent studies have indicated an OA accumulation dynamic during S. 

sclerotiorum infection. On sunflower cotyledon, OA accumulation increased dramatically 

after 40% of leaf tissue had been colonized (Billon-Grand et al., 2012). During the 

infection of Brassica napus, OA crystals were found after six days post inoculation 

(Garg et al., 2010). In another study, OA crystals never deposited in proximity with 

subcuticular hyphae but deposited abundantly in old compound appressoria and fully-

macerated plant cells beneath them at late infection stage (Heller & Witt-Geiges, 2013).    

Besides OA, other necrosis-inducing factors may also contribute to S. 

sclerotiorum infection. Necrosis and ethylene-inducing peptides (NEPs), and endo-PGs 

from S. sclerotiorum have been demonstrated to induce necrosis (Zuppini et al., 

2005; Dallal Bashi et al., 2010; Bashi et al., 2013). In addition, the S. sclerotiorum 

genome encodes a cluster of genes involved in botcinic acid biosynthesis, which is a 

non host-specific toxin contributing toward B. cinerea virulence in a strain-specific 

manner (Dalmais et al., 2011). 
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Pathogenic fungi need to overcome or suppress plant immune reactions for 

infection success. While biotrophic and hemibiotrophic fungi produce effectors for such 

purpose, relatively little is known about the effector strategies utilized by necrotrophic 

pathogens. Recently a phytoalexin-detoxifying enzyme Ss-BGT1 (brassinin 

glucosyltransferase 1) was identified from S. sclerotiorum (Pedras & Hossain, 

2006; Sexton et al., 2009). SsBGT1 gene expression was induced significantly during 

infection of Brassica napus leaves, and in response to phytoalexin treatments including 

camalexin, cyclobrassinin, brassilexin. Given the contribution of tryptophan-derived 

secondary metabolites toward antifungal activity against S. sclerotiorum, SsBGT1 could 

function in detoxification of plant defense molecules during S. sclerotiorum infection 

(Stotz et al., 2011). The full virulence of S. sclerotiorum also requires a Cu/Zn 

superoxide dismutase Ss-Sod1 (Rolke et al., 2004; Veluchamy et al., 2012; Xu & Chen, 

2013). ∆ss-sod1 mutants showed reduced virulence on detached leaves of pea, 

tobacco and tomato; in addition, the mutants also showed increased sensitivity toward 

oxidative stress and induced a hyperaccumulation of superoxide when infecting plant 

tissue. Thus S. sclerotiorum requires Ss-Sod1-mediated ROS detoxification machinery 

for successful infection. Recently an integrin-like protein SSITL was identified to 

suppress host defense reactions during S. sclerotiorum infection (Zhu et al., 2013). The 

gene was highly up-regulated during early phases of infection; gene silencing mutants 

showed reduced virulence, and caused elevated expression of host defense genes 

PDF1.2 and PR-1; expression of Ss-ITL in A. thaliana suppressed the expression of 

PDF1.2 and rendered the plants more susceptible to infections of S. sclerotiorum and B. 

cinerea. Thus SSITL plays an effector-like function during the necrotrophic infection of 
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S. sclerotiorum. Similar to SSITL, OA has also been implicated effector-like functions 

(Williams et al., 2011; Kabbage et al., 2013). The S. sclerotiorum infection involves an 

OA-mediated host redox status regulation. OA induces a reduced redox environment at 

the early infection stage to suppress host defense reactions, but induces ROS 

accumulation at the late infection stage to induce host cell deaths (Williams et al., 

2011). In addition, OA also regulates host cell deaths, it manipulates the host cell death 

fate from a resistance-related autophagy to a susceptibility-related apoptosis for 

successful infection (Kabbage et al., 2013). Overall, the interaction between S. 

sclerotiorum and its hosts is more nuanced than previously expected. 

Project Goal and Research Overview 

The overall goal of this research project is to better understand the molecular 

regulation of the S. sclerotiorum pathogenesis. The first specific objective is to 

determine the metabolic source of OA biogenesis and to evaluate the importance of OA 

accumulation toward pathogen virulence. In Chapter 2, I characterized the ∆ss-oah1 

mutant previously generated in our laboratory in its growth, OA accumulation, virulence, 

and host defense reactions. This study demonstrated the critical contribution of OAH 

activity toward OA biogenesis and full virulence in S. sclerotiorum.  

In filamentous fungi, OA metabolism involves not merely OA biogenesis, but also 

OA degradation mediated by oxalate decarboxylase (OxDC) or oxalate oxidase (OxO). 

The S. sclerotiorum genome contains two putative OxDC-encoding genes, Ss-odc1 and 

Ss-odc2. Given the reports indicating the critical requirement of OA accumulation in S. 

sclerotiorum pathogenesis (Godoy et al., 1990), and the reports indicating a dynamic 

regulation of OA accumulation during S. sclerotiorum infection (Garg et al., 2010; Heller 

& Witt-Geiges, 2013), it is critical to know whether the two putative OxDC genes 
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contribute to S. sclerotiorum virulence. In Chapter 3, Ss-odc1 and Ss-odc2 were 

characterized in detail. The expression of the Ss-odc2 gene was infection-stage specific 

and the gene was required toward efficient compound appressorium development and 

early infection. Thus S. sclerotiorum requires a stage-specific down-regulation of OA 

accumulation for its early infection establishment. On the other hand, Ss-odc2 gene 

overexpression does not affect in planta OA accumulation or fungal virulence, indicating 

a minor role of OxDC activity in regulating OA accumulation at the post-invasive 

infection stage. 

The second broad study objective was to identify pathogenesis-related genes by 

screening a collection of random T-DNA insertion mutants (Chapter 4). A high 

throughput celery stalk infection assay was developed to screen the T-DNA mutants. 

Mutants defective in virulence, compound appressorium development, and sclerotium 

development were identified. A hypothetical protein with an AIM24 domain presumably 

involved in mitochondrial biogenesis, was identified to regulate virulence, and the 

development of compound appressorium and sclerotium.  
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CHAPTER 2 
OXALOACETATE ACETYLHYDROLASE GENE MUTANTS OF Sclerotinia sclerotiorum 

DO NOT ACCUMULATE OXALIC ACID BUT RETAIN THE CAPACITY TO FORM 
PRIMARY LESIONS IN HOST PLANTS 

Introduction  

The Ascomycota fungus Sclerotinia sclerotiorum (Lib.) de Bary is one of 

agriculture’s most devastating necrotrophic fungal plant pathogens. It infects over 400 

plant species and accounts for an estimated $200 million in annual crop loss in the U.S. 

(Bolton et al., 2006). During pathogenesis, S. sclerotiorum accumulates millimolar levels 

of oxalic acid (OA) which has been implicated as critical to its broad host range 

necrotrophic pathogenicity. The most compelling evidence for the importance of OA in 

pathogenesis comes from UV-induced oxalate deficient mutants (‘A’ mutants) of S. 

sclerotiorum reported to be non-pathogenic on Phaseolus vulgaris (Godoy et al., 1990) 

and Arabidopsis thaliana (Dickman & Mitra, 1992). These mutants have since been 

shown to infect and produce limited lesions on various hosts (Cessna et al., 

2000; Williams et al., 2011). Besides pathogenicity, OA accumulation may also affect 

the growth and developmental processes of S. sclerotiorum. The ‘A’ mutants (Godoy et 

al., 1990) showed reduced growth and aberrant development including fluffy hyphae 

and abolished sclerotium formation; whereas, in wild type (WT), low ambient pH 

promotes both sclerotium morphogenesis and vegetative growth (Rollins & Dickman, 

2001; Rollins, 2003).  These effects of OA may derive at least partially through its effect 

on ambient pH but also through its biochemical connections with primary metabolism. 

OA is a strong organic acid synthesized by a broad range of pathogenic and non-

pathogenic organisms including bacteria, fungi, plants and some mammals. In 

filamentous fungi, OA biogenesis has been demonstrated to occur through the 
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hydrolysis of oxaloacetate, the oxidation of glyoxylate, or the oxidation of glycolaldehyde 

(Dutton & Evans, 1996). In S. sclerotiorum, neutral pH strongly induces OA 

accumulation and this induction requires the zinc finger ambient pH-dependent 

transcriptional regulator Ss-Pac1 (Rollins & Dickman, 2001; Rollins, 2003); diverse 

carbon sources can support OA biogenesis which derives intermediates from the 

tricarboxylic acid (TCA) cycle, the glyoxylate cycle, or both (Liberti et al., 2013). 

Previous biochemical studies have indicated the critical contribution of oxaloacetate 

acetylhydrolase activity (OAH, EC 3.7.1.1) to OA biogenesis in Ascomycota fungi 

including S. sclerotiorum (Maxwell, 1973; Kubicek et al., 1988; Ruijter et al., 1999). This 

enzymatic function has been further supported by abolishing OA accumulation through 

oah gene disruption in Aspergillus niger (Pedersen et al., 2000a; Pedersen et al., 

2000b), Botrytis cinerea (Han et al., 2007), Cryphonectria parasitica (Chen et al., 2010) 

and Penicillium chrysogenum (Gombert et al., 2011). OAH enzymes belong to the 

phosphoenolpyruvate mutase/isocitrate lyase (PEPM/ ICL) protein superfamily which 

also includes isocitrate lyases, methylisocitrate lyases and OAH-like proteins. These 

OAH-like proteins show significant sequence identity (generally > 30%) with OAHs but 

have alternative (mostly unidentified) catalytic activities (Joosten et al., 2008). Among 

Ascomycota species with characterized OAH enzymes, OAH is encoded by a single 

copy gene and all OAHs contain a conserved serine residue within the catalytic activity 

site (Joosten et al., 2008). 

 To dissect the metabolic source of OA accumulation in S. sclerotiorum and 

evaluate the requirement for OA accumulation in its pathogenesis, we isolated and 

performed gene deletion analysis of a putative OAH-encoding gene Ss-oah1. We 
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demonstrated that Ss-oah1 is indispensable for OA accumulation and that it affects pH-

responsive growth, morphogenesis, and the full virulence of S. sclerotiorum on a variety 

of plant hosts. The observation that the Ss-oah1 knock out mutants (∆ss-oah1 mutants) 

retain the ability to form primary lesions suggests that factors other than OA contribute 

significantly toward basic compatibility establishment. The microscopic infection 

features on onion epidermal peels suggest that S. sclerotiorum infection involves a 

dynamic regulation of OA accumulation. 

Materials and methods  

Fungal strains and maintenance 

S. sclerotiorum wild type (WT) isolate 1980 and the derived UV-induced mutants 

(A1, A2, A3) (Godoy et al., 1990) were maintained on potato dextrose agar (PDA). The 

Ss-oah1 gene cloning, deletion and phenotypic complementation have been done by 

previous members in the laboratory of Dr. Jeffrey Rollins. The ∆ss-oah1 strains (KO1, 

KO2) were maintained on PDA supplemented with 100 µg/mL hygromycin, the 

complementation strain compl1 and compl2 were maintained on 10 µg/mL Bialaphols 

(Phyto Technology Laboratories, Overland Park, KS) and 200 µg/mL nourseothricin 

(Werner BioAgents, Jena, Germany) respectively. GFP labeled strains were maintained 

on PDA supplemented with 200 µg/mL nourseothricin. For long-term storage, 

desiccated sclerotia or mycelia-colonized filter papers were stored in paper envelopes 

at -20°C.  

Treatments, sample collection and gene expression  

OA treatments of vegetative hyphae were carried out in YPSu medium buffered 

at pH 4.8 with citric acid-sodium phosphate solution. OA was added to the medium to a 

final concentration ranging from 0 to 40 mM and the medium pH values were readjusted 
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to pH 4.8 after OA addition. Fresh mycelia (around 2 g) collected from actively growing 

YPSu cultures were pre-treated in buffered-YPSu medium (pH 4.8) for 4 hours before 

being divided into OA treatments. Following 4 h incubations, the mycelia were 

harvested by vacuum filtration and lyophilized for total RNA extraction and Northern Blot 

analysis.  

Analysis of transcript accumulation for Ss-oah1 at different developmental stages 

was conducted with hyphae collected from stationary PDB culture 4 days post 

inoculation, compound appressoria induced by inoculating mycelia plugs on cellophane 

(catalog no. 165-1779, Bio-Rad, CA) overlaid on PDA medium, infected tomato tissue 

collected 2 days post inoculation of detached leaves, sclerotia at developmental stage 

3-4 (Li & Rollins, 2009) and apothecia at developmental stage 4-5 (Veluchamy & 

Rollins, 2008).  

Radial growth and OA accumulation  

PDA radial mycelia growth assays were carried out based on methods described 

previously (Rollins, 2003; Kim et al., 2007). Citric acid-sodium phosphate buffer was 

used to generate pH buffered PDA medium. Relative growth rate was determined by the 

slope of the linear region of the growth curve. 

For medium acidification assay, PDA medium was adjusted to pH 7.0 with 

NaOH, autoclaved, and supplemented with 50 mg/L bromophenol blue before being 

poured into 5 cm petri dish plates. For OA quantification in YPSu-MOPS media, 500 μL 

culture filtrates were sampled at each time point for OA quantification with an enzymatic 

assay kit (Trinity Biotech., Wicklow, Ireland). OA standards with defined concentrations 

(0 to 90 mg/L) were used to generate the standard curve. Serial sample dilutions were 

carried out to get samples in the range of the standard curve. To quantify in planta OA 
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accumulations, soybean, common bean and tomato leaves were harvested three days, 

two days and two days post inoculation respectively. Lesion sizes were quantified with 

Spot Advanced Software program (Diagnostic Instruments, Sterling Heights, MI) before 

the lesions were excised and collected into 2 mL eppendorf tubes. Tissues were 

lyophilized, broken into fine powder with a metal spatula, and suspended in 1 mL 

distilled water. A 100 μL volume of activated charcoal was added into each tube to 

absorb leaf pigments. The tissue suspensions were left on the bench for 30 minutes and 

centrifuged at 12,000 rpm for 10 minutes, the supernatants were then used for OA 

quantification. 

Compound appressorium assay  

PDA mycelia plugs with growing hyphal tips were placed on parafilm and 

incubated in a moisture chamber for 2 days to induce compound appressorium 

development. For microscopic observation, PDA mycelia plugs were placed on top of 

cover slides and incubated for two days.  

Pathogenicity assays 

Tomato (Lycopersicon solanum cv. Bonnie Best), common bean (Phaseolus 

vulgaris cv. Bush Blue Lake 47), soybean (Glycine max [L.] Merr. cv. Harosoy) and 

canola (Brassica napus) were grown in the greenhouse. Arabidopsis thaliana (ecotype 

Columbia), sunflower (Helianthus annuus), tobacco (Nicotiana tabacum [cv. Glurk]) 

plants were grown in a growth chamber at 20°C with 16 h day and 8 h night cycle using 

15 W GE cool white fluorescent bulbs (General Electric Co., Fairfield, CT). Mature, 

healthy and fully expanded leaves were excised from vigorously growing plants and 

immediately put inside moist chamber for pathogen inoculation. For wounded 

inoculations, two 0.5 cm intersecting cuts were made through each leaf with a sharp 
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scalpel blade and a mycelia plug was placed directly on the cross. For exogenous OA 

treatments, soybean petioles bearing trifoliate leaves were placed in small vials with 

ddH2O, 5 mM OA (adjusted to pH 5.8 with KOH) or 10 mM OA (adjusted to pH 5.8 with 

KOH) respectively, the trifoliate leaves were immediately wounded and inoculated with 

PDA mycelia plugs. The petioles dipped in the vials were kept inside moisture chamber 

to inhibit leaf wilting and to stimulate symptom development. 

GFP labeled strains 

The Bcgfp reporter gene, with its codon optimized for B. cinerea expression 

(Leroch et al., 2011), was used for generating GFP expression vector. Several 

digestion-ligation steps were taken to obtain the GFP expression vector p-Blunt-NAT-

GFP. The pD-NAT1 vector (Kück & Hoff, 2006) was double digested with BamH I and 

Hind III to release the nourseothricin acetyltransferase gene (nat1) expression cassette, 

which was ligated into the pCR®-Blunt (Invitrogen, NY) pBlunt-PCR vector to generate 

the pBlunt-NAT1 construct. The pOPTGFP vector, containing the Bcgfp expression 

cassette and an incomplete hygromycin expression cassette, was Sal I digested and 

then self-ligated to obtain the pOPTGFP-SalI construct. The Aspergillus nidulans oliC 

promoter-driven GFP expression cassette was released from the pOPTGFP-SalI vector 

by Spe I and Xho I double digestion, which was then ligated into the pBlunt-NAT1 

construct to generate the final construct p-Blunt-NAT-GFP. The p-Blunt-NAT-GFP 

construct was transformed into WT, ∆ss-oah1 KOs and the A2 mutant to obtain 

constitutive GFP-expressing strains. 

Onion epidermal infection system 

Yellow onion (Allium cepa var. cepa) bulbs were purchased from local grocery 

store. Thick, fleshy bulb scale leaves were cut into 2 cm x 2 cm chunks, the inner 
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epidermal strip was peeled off and placed on top of glass slide with the cuticle layer on 

top. Mycelia plugs with spreading hyphal tips were directly inoculated on the epidermal 

strip surface. The epidermal strips were kept inside moisture chamber for 12 to 24 h 

before microscopic examination. For inoculation with the ∆ss-oah1 mutant, a 0.5 cm 

cross was cut on the epidermal strip with scalpel before inoculation. The epidermal 

strips were placed in 0.75 M sucrose solution for 15 min to induce plasmolysis. 

Tobacco leaf infiltration 

Four mycelia plugs were inoculated into 25 mL PDB medium within a 10 cm wide 

glass petri dish. The petri dish was left on lab bench for seven days, the fungal mycelia 

mat was moved away and the culture fluids were sterilized by filtering through 0.45 µm 

filter (EMD Millipore Corporation, Billerica, MA). The culture fluids were stored in freezer 

before used for the infiltration assay.       

Staining and microscopic observation 

Infected soybean plants were collected 2 days post inoculation to detect host 

defense reactions. 3, 3’-diaminobenzidine (DAB, Sigma-Aldrich, St. Louis, MO) was 

used for H2O2 detection. DAB was dissolved in diluted HCl solution (pH 3.0) to make a 

final concentration of 1 mg/mL. The dissolved solution was supplemented with Na2HPO4 

to a final concentration of 10 mM to stabilize pH at approximately 9.0. For staining, 

infected soybean leaves were immersed in the DAB solution and shaken at 50 rmp for 6 

h. The stained leaves were then fixed and cleared in the fixation solution (ethanol: 

acetic acid 3:1). Aniline blue and toluidine blue O were used to stain for callose and 

lignin, respectively. Aniline blue was dissolved in 0.1 M Na2HPO4 to a final 

concentration of 0.05% and toluidine blue O was dissolved in 0.1 M phosphate buffer 

(pH 6.8) to a final concentration of 0.1%. After clearance, leaf tissues were stained with 
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aniline blue overnight and then stained with toluidine blue O for two hours before light 

and fluorescent microscopy. 

Onion epidermal strips were either directly examined or stained with trypan blue 

solution for 5 hours (dissolved in ddH2O to a final concentration of 0.5%) or safranin O 

solution for 5 minutes (dissolved in 70% ethanol to a final concentration of 0.1%) before 

examination.  Crossed polarized light filters were utilized to detect birefringent crystals 

within infected tissues (Khan, 1995). For plasmolysis, onion epidermal cells were placed 

within 0.75 M sucrose for 15 min before direct examination.        

Results 

Sequence analysis and expression of Ss-oah1 gene  

Ss-Oah1 exhibits 90.7% and 62.7% sequence identity with the OAH protein from 

B. cinerea and A. niger, respectively, and contains a conserved active site serine 

residue (S278) as seen in all other OAH proteins with demonstrated oxaloacetate 

acetylhydrolase activity  (Joosten et al., 2008).  

At an arbitrary pH 4.8, exogenous OA (up to 40mM) had no effect on Ss-oah1 

transcript accumulation (Fig. 2-1A). Ss-oah1 transcript accumulated to a similar level 

among vegetative hyphae, compound appressoria, sclerotia and infected host, but, was 

not detected in developing apothecia (Fig. 2-1B). 

Effects of ambient pH on Ss-oah1 transcript accumulation had been previously 

characterized in the laboratory, in which Ss-oah1 transcript accumulation was strongly 

induced by neutral pH and requires Ss-Pac1 (unpublished data). Ss-Pac1 is a 

transcriptional regulator at the terminal end of the ambient pH-sensing signal 

transduction pathway. Consistent with a direct regulation by Ss-Pac1, four PacC binding 

sites (5`-GCCARG-3`) were identified in the Ss-oah1 promoter region at 773, 1094, 



51 
 

1108, and 1742 bp upstream of the predicted ATG translation start site. An active site 

serine residue and gene order synteny have been conservatively observed with known 

oah genes (Joosten et al., 2008). We identified the Ascomycota orthologs of known oah 

genes based on these criteria and found that PacC binding sites were also enriched 

within their upstream intergenic regions (Table A-2, Fig. A-1). 

Confirmation of the Ss-oah1 gene knock out mutants by Southern hybridization 
analysis  

To test whether Ss-Oah1 is a functional OAH and whether it is required for OA 

accumulation in S. sclerotiorum, we generated Ss-oah1 gene knock out mutants with 

the strategy illustrated in Fig. 2-2A. After protoplast transformation and hyphal tipping, 

two genetically pure gene knock out mutants, designated ∆ss-oah1 KOs (KO1 and 

KO2), were obtained and further verified by Southern blot analysis (Fig. 2-2B). Hind III 

DNA digestion in combination with probe 1 hybridization (Fig. 2-2B left) produced a 4.0 

kb band in the wild type (WT) but no band was detected in the KO mutants; probe 2 

hybridization in combination with DNA double digestion with Hind III and Xba I (Fig. 2-

2B right) produced a 2.4 kb band in the WT and a 5.0 kb band in the KO mutants. 

These band patterns are consistent with the expected homologous DNA integration 

event diagrammed in Figure 2-2A.  

Ss-oah1 gene is critically required for OA accumulation in S. sclerotiorum  

The first evidence that Ss-Oah1 is required for OA accumulation was an 

observed defect in medium acidification by ∆ss-oah1 mutants. PDA medium 

supplemented with bromophenol blue (a pH indicator that is violet > pH 4.6 and yellow < 

pH 3.0) changed color rapidly from violet to yellow following WT growth while the ∆ss-

oah1 inoculated medium remained violet even after complete plate colonization (Fig. A-
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2). Introducing a genomic copy of Ss-oah1 with endogenous regulatory sequence fully 

rescued the acidification defect of the ∆ss-oah1 mutant (Fig. A-2). The medium color of 

the ‘A’ mutants (Godoy et al., 1990) changed from violet to yellow at a slower rate and 

to a reduced extent compared with the WT (Fig. A-2).  

OA accumulation was quantified for strains growing in MOPS-buffered YPSU 

medium (0.5 M MOPS, pH 7.0), a growth medium highly conducive for OA accumulation 

(Fig. 2-3A). While the WT and the complementation (Com) strain accumulated OA 

rapidly, reaching approximately 10 mg/mL (110 mM) by 48 h post inoculation, no OA 

accumulation was observed in the ∆ss-oah1 mutants over 192 hours. Under the same 

condition, the ‘A’ mutants accumulated significant OA but to levels lower than the WT, 

reaching approximately 6 mg/mL (67 mM) by 48 h post inoculation. The pH values of 

the media, in which the WT and the Com strain were grown, dropped rapidly and 

stabilized near 4.0 by 48 hpi while the values for the ∆ss-oah1 mutants and the ‘A’ 

mutants stayed above 6.0 (Fig. 2-3B). In infected leaves of soybean, common bean, 

and tomato, OA was detected in the WT and the Com strain but not in the ∆ss-oah1 or 

the ‘A’ mutants (Table. A-1). The abolished OA accumulation of the ∆ss-oah1 mutants 

both in vitro and in planta demonstrated that Ss-Oah1 is a functional OAH critically 

required for OA biogenesis in S. sclerotiorum.  

∆ss-oah1 mutants differ from the UV-induced ‘A’ mutants in pH-responsive radial 
growth and development 

On PDA medium, the growth rates of the ∆ss-oah1 and the ‘A’ mutants were 

65% and 50%, of the WT respectively (growth rate determined by the slope of the linear 

region of the growth curve) (Fig. 2-4, Fig. A-3). Compared with the WT and the Com 

strain, the ∆ss-oah1 mutants showed severe growth reduction on PDA medium buffered 
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at pH 6.6, no reduction on medium buffered at pH 3.0, and slight reduction on medium 

buffered at pH 5.0 (Fig. 2-4). The ‘A’ mutants, in contrast, exhibited reduced radial 

growth on medium buffered at all tested pH values (Fig. A-3). On PDA, the ∆ss-oah1 

mutants differentiated into loose, unmelanized stroma-like structures rather than 

discrete, compact and melanized sclerotia (Fig. 2-5A); the ‘A’ mutants did not form 

stromatic tissue but developed fluffy aerial hyphae. The ∆ss-oah1 mutants but not the 

‘A’ mutants were defective in compound appressorium formation on artificial surfaces 

including petri dishes (data not shown), parafilm (Fig. 2-5B), and cover slides (Fig. 2-

5C). The Com strain formed discrete sclerotia which failed to mature and did not form 

compound appressoria on artificial inductive surfaces. On older PDA culture, the ‘A’ 

mutants produced spermatia abundantly (ca. 108 per plate) while the WT, the ∆ss-oah1 

mutants and the Com strain produced them sporadically and at levels less than 103 per 

plate (data not shown).  

∆ss-oah1 mutants and the UV-induced ‘A’ mutants exhibited significantly 
attenuated virulence 

The ∆ss-oah1 mutants and the Com strain could not efficiently infect intact host 

leaves due to their defect in appressorium development (Fig. 2-5B, C, Fig. A-4), making 

it difficult to directly assess the role of OA with unwounded leaves. Instead, the role of 

OA in virulence independent of penetration was assessed by performing wounding 

inoculations. The tests were performed on a variety of hosts (soybean, common bean, 

tomato, canola, sunflower, A. thaliana). In all cases the ∆ss-oah1 mutants and the ‘A’ 

mutants produced limited lesions (Table A-1, Fig. 2-6, data not shown). The lesions 

were often brown-green and defined by a thin, dark border. In contrast, the WT and the 

Com strains produced uniform and light brown spreading lesions (Fig. 2-6). Over time, 
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lesions generated by the ∆ss-oah1 and the ‘A’ mutants became dark green reminiscent 

of ‘green necronissia’ while the surrounding uncolonized tissues became yellow and 

senescent (Fig. 2-6, Fig. A-5). In detached soybean leaf inoculations, lesions expanded 

more distantly in vascular tissues than in the mesophyll tissues, and these vascular 

colonizations were accompanied by strong host pigment in red color (presumably 

anthocyanin) accumulation (Fig. A-5). On A. thaliana, the infections of the ∆ss-oah1 and 

the ‘A’ mutants were confined to the inoculated leaves while the WT and the Com strain 

spread across and killed the entire plant (Fig. 2-6). To determine if these virulence 

phenotypes were directly related to the accumulation of OA, soybean leaves were 

treated with OA prior to inoculation. In these inoculations OA partially restored the 

virulence defects in the ∆ss-oah1 mutant (Fig. 2-7) and in the ‘A’ mutant (data not 

shown). On all tested hosts, the ∆ss-oah1 mutants were more virulent than the ‘A’ 

mutants, likely attributable to their different growth rates (Table. A-1, data not shown).  

To understand the fate of colonizing hyphae in more detail, we generated GFP-

labeled strains of WT, ∆ss-oah1 mutants and the ‘A’ mutant, and examined their 

infections on detached soybean leaves (Fig. 2-8). GFP-labeled strains generated 

lesions similar in appearance as their parental strains (data not show). Lesions 

generated by the GFP-labeled ∆ss-oah1 mutants and the ‘A’ mutant expanded slowly 

for up to three days and stopped thereafter (Fig. A-6). Leaflets were then sampled one, 

three and five days post inoculation. Under microscope observation, the WT hyphae at 

the infection front exhibited strong GFP fluorescence at all surveyed time-points as 

shown in Fig. 2-8; the infectious hyphae of the ∆ss-oah1 mutants, however, showed 

strong GFP fluorescence early in the colonization process (Fig. 2-8, 1dpi) but gradually 
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faded and lost GFP fluorescence overtime (Fig. 2-8, 3 and 5dpi). The infectious hyphae 

of the A2 mutant showed a fading of GFP fluorescence similar as the ∆ss-oah1 mutants 

(data not shown). Coincident with the gradual loss of GFP fluorescence was an 

increase in host cell autofluoresence. The infectious hyphae of the mutants were 

generally more densely aligned compared with the WT. 

The ∆ss-oah1 and the UV-induced ‘A’ mutants elicited elevated host defense 
reactions  

Infected soybean leaflets were sampled two days post inoculation to examine the 

host defense reactions with a histological staining of H2O2, lignin and callose (Fig. 2-9). 

3, 3’-diaminobenzidine (DAB), indicative of H2O2 accumulation, was detected at the 

infection front in hyphae as well as the surrounding mesophyll cells, with the brown 

precipitation appearing more intense in the ∆ss-oah1 and ‘A’ mutants relative to the WT 

and the Com strain (Fig. 2-9A). Toluidine blue O (TBO), which selectively stains lignin 

and acidic tissue components, strongly stained mesophyll cells within lesions colonized 

by the ∆ss-oah1 and ‘A’ mutants but only infectious hyphae within lesions caused by the 

WT and the Com strain (Fig. 2-9B). Under fluorescent microscopy with ultraviolet 

excitation, diffusely-distributed particles stained by aniline blue (indicating callose 

deposition) were observed at the infection fronts of the WT and Com strains while 

dense and continuous layers of aniline blue staining were observed at the infection 

fronts of the ∆ss-oah1 and ‘A’ mutants (Fig. 2-9C). 

Comparative cytology of the infections of wild-type and ∆ss-oah1 mutants on 
onion epidermal strips 

Under laboratory conditions, S. sclerotiorum could efficiently colonize onion 

epidermal strips (Fig. A-7). With wild-type inoculation, compound appressoria-mediated 

cuticle penetration and the differentiation of bulbous subcuticular hyphae occurred 
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between 12 and 18 h post inoculation. After penetration, subcuticular bulbous hyphae 

differentiated and spread as filamentous hyphae, which actively sensed and penetrated 

the anticlinal epidermal cell wall (Fig. A-7F). The ∆ss-oah1 mutants could not penetrate 

the cuticle barrier when inoculated without wounding. When wound inoculated, they 

differentiated subcuticular hyphae similar in appearance to WT except that the hyphae 

were more densely aligned. The subcuticular hyphae tips of both the WT and the ∆ss-

oah1 mutants were frequently observed to be in transient association with alive 

epidermal cells (typically two to three cell layers) (Fig. A-8).  

With wild-type inoculation, OA crystals were rarely observed with runner hyphae 

on the cuticle surface or with compound appressoria before cuticle penetration. At the 

penetration stage, OA crystals were frequently observed at the penetration points (Fig. 

A-9A, B). At advanced infection stage, OA crystals accumulated abundantly within fully 

disrupted epidermal cells at the lesion center (Fig. A-9C, D); in contrast OA crystals 

were rarely observed surrounding the spreading subcuticular hyphae except when 

fungal cells became stressed or dead (indicated by cell browning and the loss of GFP 

fluorescence). OA crystals could accumulate below viable epidermal cells in areas 

ahead of the colonization front, which became more abundant as colonization 

proceeded (Fig. A-9D, E). These crystals appear to be formed from OA diffusion from 

the spreading lesion. No OA crystal accumulation was observed with infections of the 

∆ss-oah1 mutants (data not shown).  

Discussion 

OA is a dicarboxylic acid produced by a broad spectrum of fungal species using 

metabolic precursors including glycolate, glyoxylate, and oxaloacetate (Dutton & Evans, 

1996). We demonstrate here that disruption of the Ss-oah1 gene abolishes S. 
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sclerotiorum OA accumulation both in vitro and in vivo. This inability to accumulate OA 

occurs even when mycelia are incubated in growth media strongly-buffered at neutral 

pH, conditions previously reported to be highly conducive for OA accumulation (Rollins, 

2003). Thus, OA biogenesis in S. sclerotiorum exclusively or at least predominantly 

relies on OAH-mediated C-C cleavage of oxaloacetate. This is consistent with previous 

detection of OAH enzyme activity but not glyoxylate dehydrogenase enzyme activity in 

S. sclerotiorum (Maxwell, 1973), and further, with the lack of a predicted glyoxylate 

dehydrogenase-encoding gene in the S. sclerotiorum genome (Amselem et al., 2011). 

Reports that oah gene disruptions also abolish OA biogenesis in other Ascomycota 

species suggests a conservation of this pathway as the predominate pathway for OA 

production in Ascomycota fungi. This finding contrasts with what is known from 

Basidiomycota fungi where both OAH and glyoxylate dehydrogenase activities may 

contribute significantly to OA biogenesis (Munir et al., 2001).  

While exogenous OA application, and development stages (except apothecium 

development) have a minor influence on Ss-oah1 transcript accumulation levels, neutral 

ambient pH strongly induces Ss-oah1 transcript accumulation. In addition, this neutral 

pH induction requires Ss-Pac1 (a PacC ortholog). PacC is a transcriptional regulator at 

the terminal end of the ambient pH-sensing signal transduction pathway, which is 

activated by alkaline ambient pH and selectively enhances or represses downstream 

gene expression by recognizing and binding core promoter sites: 5’-GCCARG-3’ 

(Peñalva & Arst, 2002). The presence of four PacC consensus binding sites within the 

intergenic region upstream of the Ss-oah1 coding region strongly supports that Ss-Pac1 

directly activates Ss-oah1 transcription upon activation. Together with our previous 
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report that neutral pH-induced OA accumulation in S. sclerotiorum requires Ss-

Pac1(Rollins, 2003), our work demonstrated that PacC-activated Oah gene transcription 

is the primary mechanism through which S. sclerotiorum modulates its ambient pH 

environment. This mechanism should contribute significantly toward the acidity 

adaptation of S. sclerotiorum as low pH completely rescued the radial growth defect of 

the ∆ss-oah1 mutants. We reason a conservation of this regulatory machinery among 

Ascomycota fungi based on reports that neutral pH strongly induces OA accumulation in 

A. niger (Kubicek et al., 1988; Ruijter et al., 1999), and our observation that PacC 

binding sites are enriched within the upstream intergenic regions of all known oah 

genes and their Ascomycota orthologs (Table A-2). The prevalence of this pH 

modulation strategy and its biological significance should be further investigated with 

comparative studies of the expression and function of oah genes from different 

Ascomycota lineages. 

Compared to the UV-induced OA deficient mutants (‘A’ mutants), the ∆ss-oah1 

mutants generated in this study are genetically-defined. We compared the ∆ss-oah1 

mutants and the ‘A’ mutants side by side for phenotypes including radial growth, 

developments and virulence. The ∆ss-oah1 mutants differ from the ‘A’ mutants in 

several aspects: I) the ∆ss-oah1 mutants produce no OA under any tested condition 

whereas the ‘A’ mutants produce OA in culture but OA was undetectable in planta; II) 

morphologically the ‘A’ mutants show fluffy mycelia growth and produce abundant 

spermatia which were not observed in the ∆ss-oah1 mutants; in contrast the ∆ss-oah1 

mutants, but not the ‘A’ mutants, exhibit a compound appressorium differentiation 

defect; III) acidic pH fully rescued the growth defect of the ∆ss-oah1 mutants but not the 
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‘A’ mutants. Most likely independent genetic mutations are underlying the phenotypes 

observed with the ∆ss-oah1 mutants and the ‘A’ mutants. Despite these phenotypic 

differences, the ∆ss-oah1 mutants and the ‘A’ mutants show striking similarity in 

virulence reduction and symptom development, confirming the critical requirement of 

OA accumulation for pathogenesis. 

Reintroduction of the wild-type oah1 gene into ∆ss-oah1 mutants partially 

restored sclerotium development and did not restore compound appressorium 

development despite the full restoration of OA accumulation. Thus the involvement of 

OA metabolism in sclerotium and compound appressorium development is complex, 

which is also indicated by the fact that the sclerotium defect seen in the ∆ss-oah1 

mutants could not be restored by lowering the growth medium pH or by adding 

exogenous OA alone (data not shown). Possibly, S. sclerotiorum requires precise and 

dynamic regulation of OA metabolism to support these developmental events that is not 

fully achieved by ectopic complementation. Alternatively, epigenetic processes that 

attenuate these developmental stages in the absence of OA accumulation, may not be 

reversed upon genetic complementation. Under either scenario, we are unable to draw 

firm conclusions regarding the role of oah1 on the regulation of sclerotium and 

compound appressorium developmental processes in contrast to the unequivocal data 

for its role in the synthesis of OA and its role in virulence discussed below. 

OA plays multiple functions during S. sclerotiorum infection. It elicits apoptotic-

like programmed cell death (PCD) and wilting as a non-host specific toxin (Noyes & 

Hancock, 1981; Guimaraes & Stotz, 2004; Errakhi et al., 2008; Kim et al., 2008b; Lampl 

et al., 2013), facilitates cell wall degradation by acting synergistically with 
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polygalacturonases (PGs) (Bateman & Beer, 1965; Rollins & Dickman, 2001; Cotton et 

al., 2003). In addition, OA also suppresses host defense reactions and regulates the 

nature of host cell death (Dutton & Evans, 1996; Cessna et al., 2000; Williams et al., 

2011; Heller & Witt-Geiges, 2013; Kabbage et al., 2013). A spatial distribution pattern of 

OA crystals indicates a dynamic regulation of OA accumulation during S. sclerotiorum 

infection. Moreover, the transient living cell interaction between subcuticular hyphae and 

epidermal cells strongly indicates that S. sclerotiorum interacts with its hosts in a much 

more subtle manner rather than simply disrupting and consuming its hosts. This 

scenario is consistent with the recently reported observations concerning the growth of 

S. sclerotiorum infectious hyphae into living plant tissue (Kabbage et al., 2013). 

Among phytopathogens in the Scleotiniaceae family, OA is produced by both 

host generalists (e.g. S. sclerotiorum, B. cinerea) and host specialists (e.g. S. 

trifoliorum, S. cepivorum) (Andrew et al., 2012). Thus OA accumulation alone does not 

explain the pathogenicity or host specificity of S. sclerotiorum and related species. On 

diverse hosts, both the ∆ss-oah1 mutants and the ‘A’ mutants could still produce 

primary lesions and the fungal hyphae stayed viable for a relatively long period. While 

these observations continue to strongly support that OA accumulation is functionally 

critical in promoting S. sclerotiorum colonization, they also suggest that S. sclerotiorum 

can establish limited compatibility with its hosts in the absence of OA. In support of this 

viewpoint we have observed incompatibility during attempted infection of onion 

epidermal peels by non-adapted pathogens within the Sclerotiniaceae family despite 

hyper-accumulation of OA crystals at the infection sites (data not shown).  
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A basic compatibility establishment for necrotrophic fungi should require factors 

functioning in both defense suppression as well as toxicity toward host cells. Secreted 

proteins functioning in defense suppression has been recently identified from S. 

sclerotiorum. Ss-ITL contributes toward S. sclerotiorum virulence by suppressing 

defense reactions mediated by jasmonic/ethylene (JA/ETH) signal pathway (Zhu et al., 

2013); Ss-Cm1 is a protein likely being structurally and functionally similar to the 

Ustilago maydis effector protein Cmu1(Djamei et al., 2011; Kabbage et al., 2013). In 

addition, the S. sclerotiorum genome also encodes proteins similar to characterized or 

putative effectors including those of LysM effectors and chitin deacetylase family 

members. Although the presence of effector-like proteins and the observed transient 

association between fungal invasive hyphae and living epidermal cells do not 

necessarily imply a transient ‘biotrophic’ infection phase, they do indicate that the 

necrotrophic compatibility establishment of S. sclerotiorum is more subtle than generally 

recognized.  Establishment of infection may involve an active suppression of host basal 

defense reactions and associated cell death at the very early interaction stage similar to 

what has been described for hemibiotrophic pathogens.  

In addition to OA, the necrotrophic infection of S. sclerotiorum may also involve 

factors promoting host cell death. PCD-triggering endopolygalacturonases have been 

identified from S. sclerotiorum (Zuppini et al., 2005; Bashi et al., 2013). In the closely 

related necrotroph B. cinerea, a range of necrosis-inducing factors including xylanase 

(Brito et al., 2006; Noda et al., 2010), polygalacturonases (Noda et al., 2010), cerato-

platanin family protein (Frías et al., 2011), botcinic acid and botrydial (Frías et al., 2011), 

have been identified and demonstrated to contribute toward virulence. A gene cluster 
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involved in botcinic acid biosynthesis has been identified from the S. sclerotiorum 

genome (Dalmais et al., 2011), and this gene cluster is up-regulated during infectious 

development (unpublished data). It is reasonable to assume that the S. sclerotiorum 

infection relies on an arsenal of toxic necrotrophic factors including OA. In relation to 

this viewpoint, we have identified a necrosis-inducing activity in the culture fluid from the 

∆ss-oah1 mutant based on tobacco leaf infiltration assay (Fig. A-10). 

In summary, functional analysis of the Ss-oah1 gene, has demonstrated the 

critical contribution of OAH activity toward S. sclerotiorum OA biogenesis and 

pathogenesis. The data supports the view that the interaction between S. sclerotiorum 

and its hosts involves a dynamic regulation of OA accumulation levels. In addition, 

factors other than OA may contribute significantly toward S. sclerotiorum pathogenesis 

possibly via both defense avoidance and host cell disruption. Further research effort to 

identify and characterize OA-independent virulence factors would provide a better 

understanding of S. sclerotiorum virulence, and thus, new targets for resistance to this 

broad host range necrotrophic pathogen.    
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Figure 2-1.  Northern hybridization analysis of Ss-oah1 transcript accumulation. 
Ethidium bromide stained rRNA was used for a loading control. A) Effect of 
exogenous oxalate (OA). Mycelia harvested from YPSu starter culture were 
grown for 4h in YPSu buffered at pH 4.8 prior to treatments with indicated 
amounts of OA. B) Developmental stages. M: mycelia collected from 
stationary PDB culture, S: sclerotia at developmental stage 3-4, A: apothecia 
at developmental stage 4-5, Cellophane induction: compound appressoria 
induction on cellophane, IT: infected tomato leaves (2 dpi), T: mock 
inoculated tomato leaves (2 dpi). 
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Figure 2-2.  Generation and verification of Ss-oah1 gene replacement mutants. A) 
Schematic representation of the Ss-oah1 genomic locus and expected gene-
replacement event. B) Southern blot analysis of the wild type (WT), knock out 
mutants (KO1, KO2) and the complementation strain (Com). Left panel, Hind 
III (H) digested total genomic DNA hybridized with probe 1. Right panel, Hind 
III (H) and Xba I (X) digested total genomic DNA hybridized with probe 2. N: 
Not I, A: Asc I, UTR: untranslated region. 
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Figure 2-3.  Oxalic acid accumulation and pH kinetics in 0.5 M MOPS-buffered YPSu 
shake culture (pH 7.0). For oxalic acid accumulation (A), each point 
represents mean ± standard deviation based on measurements from three 
independent cultures. For pH kinetics (B), each point represents mean value 
based on three independent cultures. The standard deviations were all 
smaller than 0.2 and were not plotted. KO: Ss-oah1 gene knock out mutants; 
A1, A2, A3: UV-induced oxalic acid-deficient mutants    
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Figure 2-4.  Radial growth kinetics on unbuffered PDA or PDA media buffered with citric 
acid-sodium phosphate buffer at the indicated initial pH values. Data points 
represent the mean values from three independent colony replicates. The 
standard deviations for all data points did not exceed 0.3 and were not 
plotted. Com: complementation strain. 
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Figure 2-5.  Colony morphology and compound appressorium formation phenotypes. A) 

PDA colony morphology (10 dpi). B) Compound appressoria formed on 
parafilm (3 dpi). C, Microscopic assessment of compound appressorium 
development. The scale bars in C represent 50 µm. 

 
  



68 
 

 
 

Figure 2-6.  Virulence assays on detached tomato leaflets (A), detached soybean 
leaflets (B), detached Arabidopsis leaflets (C) and intact Arabidopsis plants 
(D). Leaves were wounded prior to inoculation, the leaflets in A, B, and C 
were taken two, seven and two days post inoculation respectively. 
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Figure 2-7.  Exogenous oxalate (OA) treatment partially restored the virulence defect of 
the ∆ss-oah1 mutants (KO1, KO2). Following petiole immersion in OA (pH 
5.8) or ddH2O, trifoliate leaves were wounded and inoculated with mycelia 
plugs. Leaves with petioles immersed within the treatment solutions were kept 
within a moisture chamber for three days to allow for lesion development. 
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Figure 2-8.  Viability of infectious hyphae at the infection front during soybean leaflet 
infection. GFP labeled wild type (WT) and ∆ss-oah1 mutant (KO2) were used 
for inoculation. Images from left to right of the same panel show views of the 
same optical field from bright field (I), GFP fluorescence with 
autofluorescence background (II), and GFP fluorescence alone (III). The 
scale bars represent 100 µm.  
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Figure 2-9.  Host defense reactions elicited on detached soybean leaflets. Soybean 
leaflets were wounded prior to inoculation. Leaflets were sampled two days 
post inoculation. To visualize the deposition of H2O2, lignin and callose, leaf 
samples were stained with 3,3’ Diaminobenzidine (A), or Toluidine Blue O (B) 
together with Aniline Blue (C) respectively. The scale bars in A, B and C 
represent 1 mm, 100 µm and 100 µm respectively. 
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CHAPTER 3 
OXALATE DECARBOXYLASE IS REQUIRED FOR EFFICIENT EARLY INFECTION 

ESTABLISHMENT IN Sclerotinia sclerotiorum  

Introduction 

Sclerotinia sclerotiorum is a devastating necrotrophic fungal phytopathogen 

which infects many important crops and vegetables, and causes multiple millions of 

dollars in economic loss each year (Bolton et al., 2006). Studies have demonstrated that 

oxalic acid (OA), a simple organic acid produced by many pathogenic and 

nonpathogenic organisms, is pivotal for its pathogenesis on different plant hosts (Godoy 

et al., 1990) .OA plays multiple roles during pathogenesis. Plants engineered to express 

OA-degrading enzymes including oxalate oxidase (OxO) and oxalate decarboxylase 

(OxDC) provide enhanced resistance against S. sclerotiorum infection (Donaldson et 

al., 2001; Hu et al., 2003a; Livingstone et al., 2005).  

Despite its functional importance, the detailed OA accumulation dynamics during 

S. sclerotiorum infection are poorly understood. Recent reports indicate that OA 

accumulation increases significantly at the late phases of infection and OA crystals 

distribute unevenly within infected plant tissue (Garg et al., 2010; Billon-Grand et al., 

2012; Heller & Witt-Geiges, 2013). In S. sclerotiorum, OA biogenesis occurs through 

oxaloacetate acetylhydrolase (Ss-Oah1) mediated C-C cleavage of oxaloacetate 

(Chapter 2). Depending on the growth substratum, the tricarboxylic acid (TCA) cycle 

and the glyoxylate cycle may both provide substrates for generating the oxaloacetate 

precursor (Liberti et al., 2013). Ss-oah1 transcript accumulate to a similar level within 

vegetative hyphae, compound appressoria, and host-colonizing hyphae (Chapter 2), 

indicating that OA biogenesis occurs throughout the infection process.  
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Besides OA biogenesis, OA accumulation dynamics could also be regulated by 

OA-degrading enzymes. Across phylogenetic lineages, three types of OA-degrading 

enzymes exist, specifically oxalate decarboxylase (EC 4.1.1.2, OxDC), oxalate oxidase 

(OxO, EC 1.2.3.4) and oxalyl-CoA decarboxylase (OxC, EC4.1.1.8). OxDC catalyzes 

the production of formate and CO2 from OA and the activity occurs widely among fungi 

and bacteria (Mäkelä et al., 2010). OxO catalyzes the oxidation of OA into CO2 and 

H2O2 and the activity has been mostly reported within monocot plants, the OxO 

identified from the Basidiomycota fungus Ceriporiopsis subvermispora is hitherto the 

only example identified outside of the plant kingdom (Escutia et al., 2005). OxC 

converts activated oxalyl-CoA to formyl-CoA and CO2 with thiamin pyrophosphate as 

the cofactor. Currently this enzyme activity has been reported only in bacterial species 

(Baetz & Allison, 1989). In S. sclerotiorum, OxDC but not OxO activity has been 

reported (Magro et al., 1988). The gene(s) responsible for OxDC activity has not been 

identified, and the potential involvement of OxDC activity in the regulation of OA 

accumulation dynamics has not been characterized. 

 OxDCs belong to the bicupin subclass of the cupin protein superfamily (Dunwell 

et al., 2000; Khuri et al., 2001). Each OxDC contains two cupin domains (a bicupin), and 

within each domain there is a conserved Mn2+ binding site made up of one Glu and 

three His residues (Svedružić et al., 2005). Closely related to OxDCs are OxOs which 

also belong to the cupin protein superfamily. OxOs are either monocupin (in planta) or 

bicupin (the C. subvermispora OxO). An acidic Asp/Glu amino acid residue at a 

presumed proton donor site (Glu162 in the B. subtilis OxdC) is a strong diagnostic 

signature of OxDC activity (Escutia et al., 2005). At this position, all experimentally 
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validated OxDC enzymes contain an Asp or Glu residue whereas the C. subvermispora 

OxO contains a Ser/Ala (dependent on isoform) (Escutia et al., 2005). Amino acid 

mutations within the ‘lid region’ containing the Glu162 site are sufficient to convert the B. 

subtilis OxdC activity to OxO activity with high specificity (Just et al., 2004; Burrell et al., 

2007).  

The S. sclerotiorum genome encodes two predicted OxDCs (Broad Institute 

locus ID: SS1G_08814 [Ss-odc1] and SS1G_10796 [Ss-odc2]). In this study, we carried 

out gene expression and deletion analysis of them. We demonstrated that Ss-odc2 is 

strongly induced during compound appressorium development; moreover, Ss-odc2 

contributes significantly toward early infection establishment through regulating 

appressorium development as well as appressorium function. Ss-odc2 overexpression 

does not down-regulate in planta OA accumulation or reduce virulence, thus OxDC 

activity plays a minor role in regulating OA accumulation level during S. sclerotiorum 

pathogenesis. The likely mechanisms through which OxDC activity regulates 

appressorium development and function are discussed. 

Material and Methods 

Fungal cultures  

The S. sclerotiorum wild type (WT) ‘1980’ isolate was maintained and propagated 

on potato dextrose agar (PDA, Difco, Sparks, MI) medium; mutants (∆ss-odc1, ∆ss-

odc2, Ss-odc2-Ectopic) and the overexpression strain (oliC-odc2) derived from ‘1980’ 

were maintained and propagated on PDA supplemented with 100 µg/mL hygromycin. 

The ∆ss-odc2 complementation strain (Ss-odc2-Com) and the Ss-odc2 promoter GFP 

fusion strain (ProOdc2-GFP) were maintained on PDA supplemented with 200 µg/mL 
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nourseothricin. Dry sclerotia and filter papers colonized by vegetative hyphae were kept 

in paper envelopes at -20°C for long-term storage. 

Sequence analysis, alignment and phylogram construction 

Protein domains and putative signal peptides were identified using Pfam 

(http://pfam.sanger.ac.uk/search) and the SignalP 4.1 platform 

(http://www.cbs.dtu.dk/services/SignalP/) respectively. Proteins homologous to Ss-Odc1 

and Ss-Odc2 were retrieved from the Broad Institute genome database 

(http://www.broadinstitute.org/), Joint Genome Institute (JGI) genome database 

(http://genome.jgi.doe.gov/), Uniprot protein database (http://www.uniprot.org/), or 

Genbank (https://www.ncbi.nlm.nih.gov/genbank/). Sequence alignment of full-length 

OxDC homologs was used for neighbor-joining phylogram construction with the MEGA 

5.0 software (Tamura et al., 2011). Protein pairwise alignment and the calculation of 

protein similarity and identity scores were carried out based on the Needleman-Wunsch 

algorithm (Needleman & Wunsch, 1970) on the EBI server 

(https://www.ebi.ac.uk/Tools/psa/). Gene introns were manually mapped onto the 

protein sequence alignment output.  

Northern blot, qRT-PCR, RT-PCR, tissue collection and treatments 

For Northern blot hybridization, total RNA was isolated with Trizol reagent 

(Invitrogen, Carlsbad, CA) according to manufacturer’s instructions, separated by 

denaturing gel electrophoresis, and blotted onto positively charged nylon membrane 

(Roche Diagnostics, Indianapolis, IN) for hybridization. Partial DNA sequences of the 

Ss-odc1 and Ss-odc2 coding regions were used as hybridization probes by labeling with 

digoxigenin (DIG) using the DIG High Prime DNA Labeling and Detection Starter Kit II 
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(Roche Diagnostics, Indianapolis, IN). Blotting, hybridization and ensuing detection 

were carried out according to a previously described protocol (Solanas et al., 2001).   

For gene expression analysis via qRT-PCR, total RNAs were isolated with the 

RNeasy Mini Kit (QIAGEN Sciences, Valencia, CA), treated with DNases (QIAGEN 

Sciences, Valencia, CA) and reverse-transcribed with the iScript™ cDNA Synthesis Kit 

(Bio-Rad, Hercules, CA) according to manufacturer’s instructions. Random primers 

were used for cDNA synthesis. Five-fold diluted cDNA products were used as templates 

for subsequent PCR reactions. The primer pair SsOdc2DF (5’-

TGACAATCCTCAGCCTATTCG-3’)/SsOdc2RT-R (5’-CTTGCCCATCCTGATTTCTTG-

3’) was used to amplify a 192 bp amplicon of Ss-odc2. The S. sclerotiorum histone H3 

gene was used as the endogenous reference gene. The primer pair H3-F1 (5’- 

ATGGCTCGTACCAAGCAAAC-3’)/H3-R1 (5’-AGAGCACCAATAGCGGAAGA-3’) was 

used to amplify a 278 bp amplicon. The iTaq™ Universal Probes Supermix (Bio-Rad, 

Hercules, CA) was used to set up the PCR mixes. The PCR reactions were carried out 

on the CFX Connect™ Real-Time PCR Detection System (Bio-Rad, Hercules, CA). The 

thermocycle program consisted of 30 s at 95°C, 44 cycles of 10 s at 95°C, 10 s at 55°C, 

and 30 s at 60°C. The program was followed by a melting curve analysis with the 

temperature ranging between 65°C and 95°C. Delta-delta Ct method was used for 

calculating the relative transcripts accumulation level of different samples (Livak & 

Schmittgen, 2001).  

Two-step RT-PCR was carried out to validate Ss-odc2 overexpressing strains. 

The S. sclerotiorum histone H3 gene was used as the endogenous reference gene. The 

aforementioned primer pair H3-F1/ H3-R1 was used for RT-PCR. The primer pair 
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SsOdc2DF (5’-TGACAATCCTCAGCCTATTCG-3’)/SsOdc2DR (5’-

AAACTCACAGCCCTCATCCAG-3’), which amplifies a 448 bp DNA fragment within the 

coding region, was used to amplify the Ss-odc2 gene. cDNA synthesis was done in the 

same way as aforementioned in the qRT-PCR section. The PCR reaction mixture 

consisted of 0.3 µL 5 U/µL Taq DNA polymerase (NEB, Ipswich, MA), 2.5 µL10 X Mg2+-

free buffer, 2 µL 25 mM MgCl2, 0.5 µL 10 mM dNTPs, 0.5 µL 10 mM primer each, 1 µL 

cDNA and made up to a final volume of 25 µL with double-distilled sterile water. The 

thermocycle program consisted of 30 s at 95°C, 35 cycles of 30 s at 94°C, 30 s at 55°C, 

and 30 s at 72°C; the program was followed by a 10 min extension at 72°C. PCR 

products (5 µL) were analyzed by electrophoresis on a 1.5% agarose gel.  

Tissues representing different developmental stages include 4 day old vegetative 

hyphae growing in stationary PDB culture, compound appressoria induced by 

inoculating mycelia plugs on cellophane (catalog no. 165-1779, Bio-Rad, CA) overlaid 

on PDA medium, detached tomato leaves collected 2 days post infection, sclerotia at 

developmental stage 3-4 (Li & Rollins, 2009) and apothecia at developmental stage 4-5 

(Veluchamy & Rollins, 2008). As a control for infected tomato leaves, mock-inoculated 

tomato leaves (2 dpi) with PDA plug were also sampled. 

pH and OA treatments were carried out in YPSu medium (containing, per liter, 4 

g yeast extract [Difco, Sparks, MI], 15 g sucrose, 1 g K2HPO4, and 0.5 g MgSO4). Fresh, 

actively growing vegetative hyphae from 4 day shaking culture (100 rpm, room 

temperature) were washed with ddH2O, and harvested onto filter paper by vacuum 

filtration. Harvested hyphae were then cultured for 4 h in YPSu medium buffered at pH 

7.0 (with citric acid-sodium phosphate buffer) before being harvested again and divided 
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among pH/OA treatment media (YPSu with the pH buffered between 3.1 to 6.8, with or 

without 25 mM exogenous OA). The vegetative hyphae were treated for 4 h before 

being collected for total RNA extraction.  We also determined the effect of OA at a fixed 

pH. Collected vegetative hyphae were first grown in YPSu medium buffered at pH 4.8 

for 4 h and then divided among buffered YPSu (pH 4.8) supplemented with OA at 

different concentrations (0 to 40 mM) for 4 h treatments. The pH values of the buffered 

media were readjusted with NaOH to intended values after OA addition. For OA 

treatment of mycelia in the qRT-PCR experiment, vegetative hyphae collected from four 

day old stationary PDB culture in the presence of 20 mM OA was used.   

Gene replacement, complementation 

Overlap PCR was used for generating the Ss-odc1 and Ss-odc2 gene 

replacement constructs (de Hoogt et al., 2000). The approximately 1.5 kb 5’ and 3’ 

flanking sequences of the Ss-odc1 gene were amplified with primer pair Odc1LF (5’-

GTCCAAGCGAGTCCTCTACAT-3’)/Odc1LR (5’-

GCTCCTTCAATATCATCTTCTGTCGACGCTATTGAAACTGATGGGTGA-3’) and 

Odc1RF (5’-CGTTTACCCAGAATGCACAGGTACACTGTCTCAAGCATCATGCCAGTT-

3’) /Odc1RR (5’-AGTACGGCGTGAAGAGTAAAG-3’) respectively. The 5’ and 3’ 

flanking sequences of the Ss-odc2 gene were amplified with primer pair Odc2LF (5’-

TATGAAGACGGAGTTATCGGGAGA-3’)/Odc2LR (5’-

GCTCCTTCAATATCATCTTCTGTCGACAGCCATAGCTGAATTGCCCAC-3’) and 

Odc2RF (5’-

CGTTTACCCAGAATGCACAGGTACACTGGAATGGATATGGGTGGATTTCTG-

3’)/Odc2RR (5’-ATGTCTTGGATAGCGGTGCTT-3’) respectively. Fragments of the 3’ 

and 5’ truncated hygromycin resistance cassettes were amplified with the primer pair 
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Hyg5’F (5’-GTCGACAGAAGATGATATTGAAGG-3’)/Hy3’R (5’-

AAATTGCCGTCAACCAAGCTCTGATAG-3’) and Yg5’F (5’-

TTTCAGCTTCGATGTAGGAGGGCG-3’)/Hyg3’R (5’-AGTGTACCTGTGCATTCTGG-3’) 

respectively. The LR and RF primers were such designed that an overlapping 27 bp 

sequence (underlined) exists between the 5’/3’ flanking sequence fragment and the 3’/5’ 

truncated hygromycin fragment. Primer pairs of Hy3’RNest (5’-

AGAGTTGGTCAAGACCAATGC-3’)/Odc1LFNest (5’-

CAACAGGTCTCGATTGGGTAAG-3’) and Hy3’RNest/Odc2LFNest (5’-

GTCATCACCATCAATCGCCTAACAT-3’) were used to generate fused 5’ PCR 

fragments while primer pairs of Yg5’FNest (5’-CGATTCCGGAAGTGCTTGAC-

3’)/Odc1RRNest (5’-CTGGGTCTGGTGATGTGAATG-3’) and Yg5’FNest/Odc2RRNest 

(5’-ATATTCTGTCGCACCCTTTCAC-3’) were used to generate fused 3’ PCR 

fragments. The purified 5’ and 3’ PCR fragments (approximately 1 µg/µL) for each gene 

were mixed in equal molar ratio and directly transformed into the 1980 protoplasts. 

Putative gene knock out mutants were identified by PCR and further verified by 

Southern hybridization. To complement the ∆ss-odc2 mutant, a 3.9 kb DNA sequence 

encompassing its genomic locus was PCR amplified with the primer pair 

Odc2ComSpeIF (5’-GGACTAGTGGATTGGATTGCAAAGATACCCTC-

3’)/Odc2ComXhoIR (5’-CCGCTCGAGCGATCGATGATATGAAAGCTGGG-3’) and 

ligated into the pD-NAT1 vector (Kück & Hoff, 2006) by Spe I/Xho I double digestion. 

The construct was directly transformed into the ∆ss-odc2 (KO1) protoplast and selected 

with 200 ng/µL nourseothricin. 
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Vectors for Ss-odc2 promoter-driven GFP expression and Ss-odc2 gene 
overexpression 

The vector poliC-GFP (Leroch et al., 2011), which harbors a gfp reporter gene 

with the codons optimized for expression in B. cinerea (Bcgfp), was used to generate 

GFP expression vectors. Several digestion/ligation steps were performed to generate p-

Blunt-NAT-oliC-GFP. poliC-GFP was Sal I digested and self-ligated to eliminate the 5’-

truncated hygromycin resistance cassette, resulting in poliC-GFP-SalI. The 

nourseothricin resistance cassette from pD-NAT1 vector (Kück & Hoff, 2006) was 

inserted into the pCR®-Blunt vector (Zero Blunt® PCR Cloning Kit, Invitrogen, Carlsbad, 

CA) to get pBlunt-NAT1via BamH I/Hind III double digestion. The Bcgfp expression 

cassette from poliC-GFP-SalI was then inserted into pBlunt-NAT1 to get pBlunt-NAT-

OliC-GFP via Spe I/Xho I double digestion.  

To generate the Ss-odc2 promoter-driven GFP expression vector pBlunt-NAT-

Odc2-GFP, a 1660 bp 5’ UTR region of the Ss-odc2 gene was PCR amplified from a 

genomic DNA template with the primer pair Odc2BamHIGFPS (5’-

CGGGATCCGGATTGGATTGCAAAGATACCCTC-3’)/Odc2SpeIGFPAs (5’-

GGACTAGTGGAATGCATCATGAATGAATGAATG-3’). BamH I and Spe I restriction 

sites (underlined) were added at the 5’ and 3’ primer ends respectively. The amplified 

PCR fragment was cloned into pGEM-T vector (Promega, Madison, WI). BamH I/Spe I 

double digestion was then used to replace the oliC promoter sequence within the 

pBlunt-NAT-oliC-GFP vector with the Ss-odc2 5’ UTR region.    

To generate the oliC promoter-driven Ss-odc2 gene overexpression vector 

pBlunt-Hyg-oliC-odc2, the primer pair Odc2ORFNcoIS (5’-

CGCCATGGTGCATTCCAAAACTTTCCTGCTC-3’)/ Odc2ORFEcoRIAs (5’-
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GCGAATTCAGAAATCCACCCATATCCATTCC-3’) was used to PCR amplify the Ss-

odc2 open reading frame (ORF) from a cDNA template. Nco I and EcoR I restriction 

sites (underlined) were added at the 5’ and 3’ primer ends respectively. The amplified 

PCR fragment was cloned into the pGem-T vector (Promega, Madison, WI) to obtain 

pGem-T-odc2. Nco I/EcoR I double digestion was used to replace the Bcgfp coding 

sequence of the poliC-GFP-SalI vector with the Ss-odc2 ORF from pGem-T-odc2, 

resulting in polic-odc2-SalI. The hygromycin phosphotransferase expression cassette 

was cut from the pSO1 vector (Warwar et al., 2000) and ligated into the pCR®-Blunt 

vector (Zero Blunt® PCR Cloning Kit, Invitrogen, Carlsbad, CA) via BamH I digestion, 

resulting in the vector pBlunt-Hyg. Spe I/Xho I double digestion was then used to ligate 

the olic-odc2 expression cassette from poliC-eGFP-SalI into pBlunt-Hyg, resulting in the 

final vector pBlunt-Hyg-oliC-odc2. 

Phenotype analysis 

The assay for compound appressorium development was carried out by 

inoculating a PDA-mycelia agar plug onto parafilm or cellophane overlaid on PDA 

medium, or by spreading an ascospore suspension (105 per mL) onto cellophane 

overlaid onto quarter-strength PDA. To examine the effect of nutrients on appressoria 

formation, mycelia plugs from 2xPDA, PDA, and 1/2xPDA were used for parafilm 

inoculation. To stain the appressoria, trypan blue (0.5% in ddH2O) was added onto the 

parafilm surface after mycelia plug removal. Virulence assays were carried out on 

detached leaves, petioles or stems of common bean (Phaseolus vulgaris cv. Bush Blue 

Lake 47), soybean (Glycine max [L.] Merr. cv. Harosoy), tomato (Lycopersicon solanum 

cv. Bonnie Best) and celery (Apium graveolens). Bean, soybean and tomato plants were 

grown in the greenhouse under nature sunlight, with the temperature ranging between 
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16°C and 25°C. Leaves and petioles excised from approximately one month old plants 

were used for inoculation. Celery stalks were purchased from a local grocery store and 

the stalks were washed with running water and cut into 3-5 cm pieces. For inoculation, 

mycelia plugs containing actively growing hyphae tips were placed on top of plant 

tissues and the inoculated plants were placed inside a moisture chamber to allow for 

symptom development. For wounded inoculations, a 0.5 cm cross cut was made 

through the leaf surface with a scalpel blade and the inoculum plug was placed on top 

of the cut. After incubation, lesion sizes were documented via photograph and 

quantified with Spot Advanced Software program (Diagnostic Instruments, Sterling 

Heights, MI). To visualize fungal infection structures and host cell deaths, infected plant 

tissues were cleared with 3:1 ethanol: acetic acid solution overnight and then stained 

with trypan blue (0.5% in ddH2O) for one day before microscopy. 

For PDA radial growth assay, mycelia plugs containing actively growing hyphae 

tips were inoculated at the center of 9 cm PDA plate medium, radial diameters were 

recorded at 12h time intervals for data plotting. The induction of apothecia and the 

collection of ascospores were carried out as previously described (Li & Rollins, 2010). 

OA measurement was carried out with an enzymatic kit according to the 

manufacturer’s instructions (Trinity Biotech, Wicklow, Ireland). OA standards with 

defined concentrations (0 to 90 mg/L) were used to generate the standard curve. Serial 

sample dilutions were performed to ensure samples were in the range of the standard 

curve. Fluids from the PDB stationary culture and PDB shaking culture were directly 

used for quantification. For PDB stationary culture, four mycelia plugs with spreading 

hyphal tips were inoculated into 25 mL PDB medium within a 9 cm petri dish. The 



83 
 

dishes were left on the lab bench to allow for fungal growth, culture fluids were collected 

four and eight days post inoculation for OA quantification. For PDB shaking culture, 

eight mycelia plugs with spreading hyphal tips were inoculated into a 200 mL flask 

containing 50 mL medium and shaken at 100 rpm, culture fluids were collected 1, 3, 5, 

and 7 days post inoculation.  

To measure OA in PDA cultures, 9 cm PDA plate media were inoculated with 

mycelia plugs covered with hyphae tips. Mycelia plugs were then collected at different 

time points (2 dpi, 4 dpi, 6 dpi, 8 dpi, 10 dpi) for OA quantification. For each time point, 

six 5 mm diameter mycelia plugs located at even intervals between the inoculation site 

and the colony front were pooled as one sample and collected into 2 mL eppendorf 

centrifugation tubes; the collected plugs were weighted, lyophilized, and ground into fine 

powder with a metal spatula. 1 mL ddH2O was added to suspend the powder. After 

centrifugation (10,000 g, 5 min), the supernatant was used for OA measurement. The 

final OA concentrations were expressed as mg/g wet plug unit to allow for cross sample 

comparison. Similar methods were used for measuring OA accumulation in PDA 

mycelia plugs collected during compound appressorium induction on parafilm. To 

quantify in planta OA accumulation, detached soybean leaves were harvested two and 

four days post inoculation. Lesion sizes were quantified with Spot Advanced Software 

program before the lesions were excised and collected into 2 mL Eppendorf 

centrifugation tubes. Tissues were lyophilized, broken into fine powder, and re-

suspended in ddH2O. After centrifugation at 12,000 rpm for 5 min, 100 µL of the 

supernatant was transferred into a new 1.5 mL Eppendorf centrifugation tube. A 10 µL 

volume of activated charcoal was added into each tube to absorb leaf pigments. The 
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suspensions were left on the lab bench for 30 minutes and centrifuged at 12,000 rpm for 

10 min, the supernatants were then used for OA quantification. Measured OA 

concentrations were expressed in mg OA/cm2 leaf tissue unit.      

OA-degrading activity assay 

Eight mycelia plugs were inoculated into a 200 mL flask containing 50 mL PDB 

medium and shaken 4 d at 100 rpm. Mycelia were collected by vacuum filtration and 

washed 3 times with ddH2O before being collected again and re-inoculated 

(approximately 0.5 g wet weight/50 mL medium) into buffered PDB medium (pH 3.0, 

buffered with citrate phosphate buffer). After two additional days of shaking culture, the 

culture fluid and vegetative hyphae were collected for protein extraction and OA-

degrading activity assay. For the OA-degrading activity assay, the culture fluids were 

concentrated for 500 folds with the Amicon UltraCentrifugal Filter Unit (Molecular weight 

cut-off: 10 kDa, Millipore, Billerica, MA). The final protein concentration is around 1 

mg/mL. The fungal hyphae were collected, washed with ddH2O and collected again via 

vacuum filtration, and lyophilized for crude protein extraction and OA degradation 

activity assay. Lyophilized fungal tissues were ground into a fine powder, 200 μL ice 

cold citrate phosphate protein extraction buffer (0.1M, pH 3.0) was added into a 1.5 mL 

eppendorf tube containing around 200 μL of ground tissue. The slurry suspension was 

ice-incubated for 30 min and directly used for the OA-degrading activity assay. To 

determine whether the activity was located within the soluble or insoluble fraction, the 

slurry suspension was centrifuged at 12,000 rpm for 5 min, the supernatant was 

collected and the pellet was re-suspended in 200 μL protein extraction buffer.  OA-

degradation activity was compared between the supernatant and the resuspended 

fractions. To test OA degradation activity, exogenous OA (adjusted to pH 4.0) was 
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added to a 100 μL protein extraction suspension to a final concentration of 10 mM. The 

reactions were then incubated at 37°C for 30 min before quenching with 1 µL NaOH (10 

M). OA concentrations were determined qualitatively based on an enzymatic kit (Trinity 

Biotech, Wicklow, Ireland). As a negative control, the reaction mix was directly 

quenched before incubation. 

Results 

Evolutionary features of fungal bicupin OxDC homologs 

The Ss-Odc1 and Ss-Odc2 proteins contain 455 and 504 amino acids and share 

59.2% sequence identity.  Ss-Odc1 and Ss-Odc2 share 44.3% and 47.7% sequence 

identity with the Dichomitus squalens OxDC (Mäkelä et al., 2009) respectively. 

Consistent with other OxDC enzymes, both proteins contain an N-terminal secretion 

peptide signal, a bicupin protein domain, a conserved Mn2+ binding site, and a Glu 

residue at the putative proton donor site (corresponding to Glu162 position of the B. 

subtilis OxdC) (Fig. B-1). 

The OxDC activity of the Ss-Odc1 and Ss-Odc2 proteins was further indicated by 

phylogenic analysis. OxDC protein homologs from selected fungal and bacterial species 

formed three strongly-supported clades on the neighbor-joining phylogram (Fig. B-2). 

Clade I contained all functionally characterized fungal OxDCs, Ss-Odc1, and Ss-Odc2; 

clade III contained two bacterial OxDCs and several uncharacterized Ascomycota 

proteins; clade II contained proteins from both Ascomycota and Basidiomycota 

lineages, but none of them have been functionally characterized. All proteins within 

clade I and clade III contain an acidic Glu/Asp residue at the putative proton donor site 

except the C. subvermispora OxO, which contains a Ser residue. All proteins within 

clade II contained a neutral Ala residue or an alkaline Arg/Lys residue at this position. 
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The C. subvermispora OxO belongs to clade I and is highly similar with Basidiomycota 

OxDCs in protein sequence and gene exon-intron structure (Fig. B-3), indicating its 

recent evolutionary origin from an OxDC ancestor. Likely clade I and clade III represent 

OxDC clades while clade II proteins are either OxOs or enzymes with unknown activity 

as proposed before (Escutia et al., 2005). 

Transcript accumulation of Ss-odc1 and Ss-odc2 genes 

Northern blot hybridization was used to determine the effects of ambient pH and 

exogenous OA on Ss-odc1 and Ss-odc2 transcript accumulations. Over a wide range of 

pH and OA treatment conditions, a hybridization band of similar signal intensity was 

observed for Ss-odc1 and transcript accumulation of Ss-odc2 was never detected (Fig. 

3-1A). Thus Ss-odc1 and Ss-odc2 expression was independent of pH and OA 

regulations.  

With Northern blot analysis, Ss-odc1 transcript accumulation was detected 

across all life stages (Fig. 3-1B). Compared with vegetative hyphae, the accumulation 

level was lower in sclerotia, apothecia, and during late compound appressorium 

development (48 and 72 hours post induction). Ss-odc2 transcript accumulation was not 

detected in vegetative hyphae, infected tomato leaflets sclerotia, or apothecia, but was 

strongly induced during compound appressorium development (36, 48, and 72 hours 

post cellophane induction, Fig. 3-1B). qRT-PCR analysis of Ss-odc2 transcript 

accumulation (Fig. B-4) revealed a 6-fold increase in infected tomato leaflets,  a 30-fold 

increase in sclerotia and apothecia, and a greater than 980-fold increase during 

compound appressoria development (48 hours post cellophane induction) relative to 

vegetative hyphae. Exposure of vegetative hyphae to 20 mM exogenous OA resulted in 
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a modest (approximately 2-fold) increase in Ss-odc2 transcript accumulation relative to 

untreated control.  

The tissue specificity of Ss-odc2 gene expression was further characterized via 

promoter-driven GFP expression. GFP protein was expressed under the control of the 

native Ss-odc2 promoter (1,675 bp sequence upstream of start codon). Fluorescence 

was not observed in vegetative hyphae growing on solid PDA or in liquid PDB or in 

YPSu media, nor was the fluorescence induced by 4 h treatments with low pH (YPSu, 

pH 3.0), exogenous OA (YPSu, 20 mM KOA) or starvation (YPSu without sucrose, 

ddH2O, water agar) (data not shown). On cellophane overlaid PDA medium, strong GFP 

fluorescence was observed in compound appressoria and in the hyphae immediately 

supporting compound appressoria formation, but not in other vegetative hyphae (Fig. 3-

2). On PDA medium, GFP fluorescence was not observed in the vegetative hyphae 

growing at the colony front, but was observed in the aerial hyphae growing at the colony 

center and was weakly observed in developing sclerotia (Fig. B-5).  

Gene replacement mutants of Ss-odc1 and Ss-odc2 

The strategies for generating gene knock out mutants are shown in Figure 3-3. 

Confirmed by Southern blot analysis, one and four independent genetically-pure gene 

replacement mutants were obtained for Ss-odc1 and Ss-odc2 genes, respectively (Fig. 

3-3A, B). In Southern blot analysis for the Ss-odc1 gene, genomic DNAs were digested 

with EcoR V; hybridization with probe 1 (the Ss-odc1 partial ORF) yielded a 1.2 kb band 

for the WT but no band for the knock out (KO) mutant while hybridization with probe 2 

(the Ss-odc1 5’ UTR) yielded a 2.6 kb band for the WT and a 5.4 kb band for the KO 

mutant. For Ss-odc2 gene KO analysis, genomic DNAs were digested with EcoR I 

before being hybridized with probe 1 (the Ss-odc2 partial ORF), which yielded a 2.7 kb 
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band for the WT and Ectopic (Ect) strain but no band for the KO mutants. Genomic DNA 

was also digested with Pst I and Xho I and hybridized with probe 2 (the Ss-odc2 3’ 

UTR), which yielded a 5.4 kb band for the WT and a 3.2 kb band for the KO mutant; the 

Ect strain showed a band besides the 5.4 kb WT band, indicating a single ectopic 

integration event. 

The ∆ss-odc2 mutants formed less complex compound appressoria 

On PDA medium, the ∆ss-odc1 and the ∆ss-odc2 mutants grew similarly as the 

WT (Fig. B-6). They exhibited wild-type morphology, normal development of sclerotia, 

apothecia, and ascospores (Fig. B-7). Both the ∆ss-odc1 mutant and the ∆ss-odc2 

mutants showed wild-type levels of sensitivity to OA stress (data not shown). The ∆ss-

odc2 mutants, however, were inefficient in compound appressorium development (Fig. 

3-4A, B, Fig. B-8A). Two days post parafilm induction, the WT and the ∆ss-odc1 mutant 

formed cushion-shaped appressoria abundantly, which merged together into continuous 

ring layer (Fig. B-8A). The ∆ss-odc2 mutants, in contrast, formed sporadically- and 

discretely- distributed compound appressoria which never merged into ring layer (Fig. 3-

4B). To test whether the ∆ss-odc2 mutants were defective in early appressorium 

development, ascospores suspensions (105 per mL) were spread onto cellophane 

overlaid on quarter strength PDA medium. Two days post inoculation, the ∆ss-odc2 

mutants differentiated appressoria morphologically indistinguishable from the WT (Fig. 

3-4C top). Over time, however, the WT and the Ect strains formed complex cushion-

shaped appressoria which were rarely observed with the ∆ss-odc2 mutants (Fig. 3-4C 

bottom). Taken together, the ∆ss-odc2 mutants were not defective in compound 

appressorium initiation or early development, but were inefficient in forming highly-

complex and cushion-shaped appressoria structures. 
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The ∆ss-odc2 mutants were inefficient in primary lesion establishment   

Pathogenicity was tested on a variety of plant hosts (tomato, common bean, 

soybean, and celery). The ∆ss-odc1 mutant behaved indistinguishably from WT in all 

replications (Fig. B-8B and data not shown). The ∆ss-odc2 mutants, in contrast, 

exhibited a virulence reduction to varying degree dependent on the plant host and plant 

tissue. Relative to WT, Ect and Com strains, the ∆ss-odc2 mutants showed no virulence 

defect on tomato leaves (Fig. 3-5A), a small virulence reduction on bean leaves (Fig. 3-

5A) and dramatic virulence reduction on bean petioles (Fig. 3-5A), soybean leaves (Fig. 

3-6, Fig. 3-7), and celery stalks (Fig. 3-5B). In all tests, wounding prior to inoculation 

fully restored the virulence defect of the ∆ss-odc2 mutants (Fig. 3-7, data not shown). 

The infection of the ∆ss-odc2 mutant on soybean leaves was characterized in 

more detail. Following inoculation, the WT, Ect and Com strains initiated penetration 

rapidly, generating multiple independent infection sites at 14 hpi, which coalesced and 

formed primary lesions by 24 hpi (Fig. B-9). The ∆ss-odc2 mutants, in contrast, rarely 

penetrated and induced necrotic lesions at these two time points (Fig. B-9, Fig. 3-6 A). 

Microscopic observation indicated that the mutants differentiated appressoria as early 

as 14 hpi, but at a lower frequency compared with control strains (Fig. 3-6 A). Two days 

post inoculation, the primary lesion formation frequency for the ∆ss-odc2 mutants was 

53% (n=60) while frequencies for the WT, Ect and Com strains were all 100% (n=15). 

Primary lesions formed by the ∆ss-odc2 mutants were sporadic infection sites (Fig. 3-6 

B), and were much smaller compared to other strains (Fig. 3-7). Lesion expansion from 

primary lesions of the ∆ss-odc2 mutants typically caused delayed but complete leaf 

colonization (data not shown).  
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Inoculation with nutrient-enriched mycelia plug restored the developmental but 
not virulence defects of the ∆ss-odc2 mutants  

   We examined whether nutrient is related to the virulence defect of the ∆ss-odc2 

mutants. Firstly, we examined whether nutrient affects compound appressoria 

development. The nutrient effect was examined with mycelia plugs cut from 2xPDA, 

PDA and 1/2xPDA medium conditions (Fig. 3-8). Two days post inoculation, the WT 

developed compound appressoria efficiently when inoculating with plugs from 2xPDA 

and PDA media, but not when inoculating with 1/2xPDA. The ∆ss-odc2 mutants rarely 

formed compound appressoria with PDA or 1/2xPDA, but formed compound 

appressoria efficiently with 2xPDA. Thus, an elevated inoculum nutrient level partially 

rescued inefficiency in compound appressoria formation in the ∆ss-odc2 mutants.   

  We further tested whether this elevated nutrient level could restore the 

deficiency in primary lesion formation in the ∆ss-odc2 mutant. Twenty four hours post 

inoculation, the WT had infection rates of 92% (n=37) and 97% (n=37) when mycelia 

plugs from 2xPDA and PDA were used for inoculation, respectively. The ∆ss-odc2 

mutant had infection rates of 25% (n=40) and 27% (n=41) under the corresponding 

medium conditions, respectively. Further examination indicated that inoculation from 

2xPDA mycelial plugs dramatically increased compound appressorium frequency and 

complexity, but not cuticle penetration efficiency of the ∆ss-odc2 mutant (Fig. 3-9, Fig. 

3-10). 

The ∆ss-odc2 mutants hyperaccumulated OA  

In PDA culture, the WT accumulated OA to an approximate level of 0.5 mg/g 

fresh weight agar by 2 dpi. This level increased to approximately 1 mg/g fresh weight 

agar by 4 and 6 dpi and dropped slightly thereafter (8 dpi, 10 dpi) (Fig. 3-11 A). Similar 
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OA accumulation kinetics were observed with the Ss-odc2 Ect and Com strains (Fig. 3-

11 A). In contrast, OA levels increased from 0.4 - 0.7 mg/g fresh weight agar (2 dpi) to 

2.5 - 3.5 mg/g wet agar (6 dpi, 8 dpi, 10 dpi) with the ∆ss-odc2 mutants (KO1, KO2), a 

level significantly (Tukey’s test, α=0.05) higher than the WT from 4 d onward. In media 

inoculated with the ∆ss-odc1 mutant, OA levels were statistically higher than the WT at 

2 dpi and 10 dpi, but were not significantly different from the WT at other time points.   

OA accumulation was further quantified from stationary and shaking PDB 

cultures (Fig. 3-11 B, Fig. 3-13C) and from mycelia-colonized PDA plugs collected 

during appressoria induction (Fig. 3-12). In stationary PDB culture, the ∆ss-odc2 

mutants accumulated approximately 1.5 times more OA than the WT. The ∆ss-odc1 

mutant accumulated OA to a level slightly lower but not significantly different from the 

WT and other control strains. In mycelia PDA plugs incubated under conditions 

conducive for appressorium development, the ∆ss-odc2 mutants accumulated OA to a 

concentration approximately three times higher than the WT. The ∆ss-odc1 mutant 

accumulated OA to a level similar to the WT. In shaking PDB culture, the ∆ss-odc2 

mutant accumulated OA to a level approximately 2-fold higher than the WT (Fig. 3-13 

C). Overall, the ∆ss-odc2 mutants hyperaccumulated OA among a variety of liquid and 

solid PDA media culture conditions. 

Overexpression of Ss-odc2 gene in S. sclerotiorum  

Preliminary efforts failed to detect OxDC activity in the WT strain. To determine if 

OxDC activity is indeed associated with Ss-odc2 expression, and to further study its 

biological function, we overexpressed the Ss-odc2 gene in S. sclerotiorum under the 

control of a constitutive promoter (Figure 3-13 A). Out of over 20 transformants, one 

overexpression strain (designated as oliC-odc2) was identified and validated via RT-
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PCR (Figure 3-13 B), in vitro OA accumulation (Figure 3-13 C), and OA-degrading 

activity assay (Figure 3-13 D). In concentrated protein extracts from culture filtrates, OA-

degrading activity was neither detected in the WT nor in the oliC-odc2 strain. In mycelia 

protein extracts, strong OA-degrading enzyme activity was detected in the oliC-odc2 

strain but not in the WT (Figure 3-13 D). Furthermore, most of the OA degrading activity 

was associated with the insoluble extract fraction (Figure 3-13 D), suggesting its cell 

wall-associated.  

The oliC-odc2 strain showed normal radial growth, plate morphology, and 

compound appressorium development (data not shown). On detached soybean leaflets, 

the oliC-odc2 strain exhibited WT virulence and OA accumulation (Figure B-11). The 

oliC-odc2 strain showed WT sensitivity to stress conditions including OA (20 mM), cell 

wall and membrane stress (200 µg/mL calcofluor white, 200 µg/mL congo red, 0.01% 

SDS), osmotic stress (1 M sorbitol, 1 M NaCl), and reactive oxygen stress (5 mM H2O2; 

Figure B-12), suggesting a minor role of Ss-Odc2 in conferring stress tolerance. In 

addition, both the WT and the oliC-odc2 strain grew poorly on minimum medium 

supplemented with OA (50mM, pH 4.0) as the sole carbon source, indicating that Ss-

odc2 gene overexpression alone, is insufficient to allow the use of OA as a sole carbon 

source (data not shown). 

Discussion 

Since the first report (Shimazono, 1955), OxDCs have been isolated from over 

20 fungal and bacterial species and have been applied for a wide variety of 

biotechnological purposes (Mäkelä et al., 2010). The in vivo biological functions of 

OxDCs, however, are still ambiguous. No phenotype has been observed with the OxDC 

gene knock out mutants generated in A. tumefaciens (Shen et al., 2008) or B. subtillus 
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(Costa et al., 2004), and no OxDC-encoding gene has been functionally characterized 

in a filamentous fungus via gene disruption. In this study we characterized in detail the 

expression pattern of Ss-odc1 and Ss-odc2, and the effect of their deletions on S. 

sclerotiorum growth, development and pathogenesis. 

Although an acid-inductive OxDC activity has been reported in S. sclerotiorum 

(Magro et al., 1988), we did not detect OxDC activity in our S. sclerotiorum WT strain. 

Such discrepancy might be caused by medium or strain-related variations. The 

transcript accumulations of Ss-odc1 and Ss-odc2 are not affected by ambient pH or OA 

concentration, but rather, are developmentally regulated. The ∆ss-odc2 mutant, but not 

the ∆ss-odc1 mutant, showed elevated OA accumulation in various hyphae cultures. In 

contrast, the Ss-odc1 transcript, but not the Ss-odc2 transcript, accumulated to a 

significant level in vegetative hyphae. Such discrepancy might be related to the different 

catalytic efficiencies between Ss-Odc1 and Ss-Odc2, or different gene expression 

regulations at the post-transcriptional or post-translational levels. 

OxDC activity was initially thought to function in deregulating ambient OA 

accumulation. This viewpoint, however, was later challenged by the identification of 

OxDC enzymatic activity from brown rot fungi which accumulate high level OA (Micales, 

1995). In this study, neither deletion nor overexpression of the Ss-odc2 gene affects in 

planta OA accumulation or post-invasive pathogenesis. It seems that OxDCs mainly 

degrade OA surrounding the producing hyphae but not OA accumulated in a macro 

environment, which is supported by the reported cell wall localization of OxDCs 

(Micales, 1997; Azam et al., 2001; Antelmann et al., 2007). Here, Ss-Odc2 protein also 
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seems to localize to the cell wall, suggesting a hyphae-associated OA decarboxylation 

activity similar as in other filamentous fungi.  

In contrast with the lack of effect on in planta OA accumulation, Ss-odc2 gene 

overexpression significantly down-regulates OA accumulated in PDB shaking culture. 

Such difference could be caused by different substrate availability under these two 

conditions. During plant infection, secreted OA diffuses to locations being spatially-

separated from the cell wall-bounded Ss-Odc2; in contrast, in liquid shaking culture, OA 

secreted into the medium would come in repeat contact with the fungal cell wall. In 

addition, OA secreted in planta can form oxalate calcium crystal which may be 

inaccessible to the OxDC enzyme. 

We characterized the gene deletion effects of Ss-odc1 and Ss-odc2 on S. 

sclerotiorum growth, development and pathogenesis. The ∆ss-odc1 mutant was 

indistinguishable from the wild type in all phenotypes assayed. In contrast, the four 

independent ∆ss-odc2 mutants were uniformly inefficient in compound appressorium 

development. The ∆ss-odc2 mutants were not defective in compound appressorium 

initiation, but rather, were inefficient in differentiating highly-complex compound 

appressoria with a macroscopic (up to a millimeter in diameter) cushion-shaped 

appearance. In association with such developmental defect was a virulence defect 

which could be fully bypassed by wounding prior to inoculation. Thus Ss-Odc2 

contributes toward S. sclerotiorum infection through affecting compound appressoria 

development.  

Compound appressoria are hyphal tip-derived and multicellular infection 

structures which have convergently evolved in many necrotrophic fungal lineages 
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including Sclerotinia spp., Botrytis spp., Rhizoctonia spp., and Fusarium spp. (Tariq & 

Jeffries, 1984). Compared with a single-cellular appressorium, the compact organization 

and high structural complexity of a compound appressorium could be a mechanism 

allowing for an enriched accumulation of hydrolytic enzymes, toxins and defense-

suppressive factors at the penetration sites, which in turn facilitates pathogen 

penetrations. S. sclerotiorum has been suggested to increase the developmental 

complexity of compound appressoria when encountering increased penetration 

resistance (Tariq & Jeffries, 1984). The ∆ss-odc2 mutants showed no or minor virulence 

defect on tomato and common bean leaves, but showed significant virulence defect on 

soybean leaves, celery stalks, and common bean leaf petioles. Very likely, soybean 

leaves, celery stalks, and common bean leaf petioles represent plant tissues being 

more penetration-recalcitrant relative to tomato and bean leaves. We have 

characterized the previously-reported ∆ss-ggt1 mutant which is defective in compound 

appressorium differentiation (Li et al., 2012). This ∆ss-ggt1 mutant could successfully 

penetrate detached tomato and bean leaves, but could not penetrate soybean leaves, 

celery stalks, or common bean leaf petioles (unpublished data), which is in accordance 

with the idea of a tissue-dependent variation in penetration resistance mentioned above.  

While elevated nutrient enable abundant compound appressoria formation, it 

does not enable efficient cuticle penetration of the ∆ss-odc2 mutants. Thus, in addition 

to appressorium development defect, the ∆ss-odc2 mutants may also be defective in 

appressorium-mediated penetration. Our experimental data, however, does not allow us 

to draw unequivocal conclusions on the mechanisms by which OxDC activity regulates 

these processes. During compound appressoria formation, hyphal cells transit from a 
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nutrient-rich status (hyphae growing on senescent plant tissue, myceliogenically 

germinated sclerotia, hyphae on mycelia plugs) to a nutrient-poor status (hyphae 

growing on plant and artificial hydrophobic surfaces). Proper nutrient regulation might 

thus be important for compound appressorium developmental process. Potentially, Ss-

Odc2 contributes to energy production by taking advantage of OA in proximity to the 

hyphal cell as a carbon source. However, our preliminary test indicates that neither the 

S. sclerotiorum WT strain nor the Ss-odc2 gene overexpression strain could utilize OA 

as the sole carbon source. It is likely that such oxalotrophy-related metabolic process (if 

exist) requires OxDC as well as additional factors. One likely component would be 

formate dehydrogenase (FDH, EC 1.2.1.2.) as has been proposed by Watanave and 

others (2005). FDH catalyzes reducing-power generation from the oxidation of formate, 

a decarboxylation product of OxDC. The existence of such an OxDC-FDH metabolic 

pathway for OA utilization, however, awaits experimental validation. FDH has been 

reported to localize in the mitochondria in Fusarium oxysporum (Uchimura et al., 2002) 

or in the cytosol in Ceriporiopsis subvermispora (Watanabe et al., 2005). The existence 

of the OxDC-FDH coupled metabolic pathway would require the intake of extracellular 

formate. The S. sclerotiorum genome encodes one putative formate transporter (Broad 

institute ID: SS1G_03654) and one putative FDH (SS1G_09038). EST data support the 

expression of both genes during pathogenesis. Similarly, in the brown rot fungus Postia 

placenta (Martinez et al., 2009), a putative OxDC-encoding gene, a putative formate 

transporter, and three formate dehydrogenases (FDH, EC 1.2.1.2.), were cooperatively 

up-regulated in cellulose medium relative to glucose. SS1G_09038 contains a putative 
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mitochondria localization signal, indicating its association with the respirational chain 

similar as FDH in F. oxysporum (Uchimura et al., 2002).  

Besides a nutritional role, OxDC activity has also been suggested to function in 

OA detoxification and pH homeostasis regulation. This hypothesis is supported by the 

observation that acidic ambient pH generally favors OxDC expression or enzymatic 

activity (Shimazono, 1955; Dutton et al., 1994; Micales, 1995; Azam et al., 

2002; MacLellan et al., 2009; Mäkelä et al., 2014), as well as their cell wall localizations  

(Micales, 1997; Azam et al., 2001; Antelmann et al., 2007). During compound 

appressorium development, the Ss-oah1 transcript accumulates to a level comparable 

to that in vegetative hyphae (Chapter 2), the dense alignment of hyphal tips within 

compound appressoria would thus dramatically elevate local OA accumulation. While 

such elevation facilitates epidermal cell disruption and penetration, it may also cause 

cellular toxicity toward the fungal cells. Moreover, compound appressoria development 

and function might require a proper ambient pH environment, as is the case for the S. 

sclerotiorum pathogenesis and sclerotia development (Rollins & Dickman, 2001; Rollins, 

2003). Under such a scenario, the strong induction of Ss-odc2 gene expression during 

compound appressoria development would allow for defending against OA toxicity and 

maintaining a proper micro-ambient pH. The role of OxDC activity in OA stress 

tolerance, however, was not observed in this study as the ∆ss-odc1 mutant, the ∆ss-

odc2 mutants, and the Ss-odc2 gene overexpression strain all showed WT sensitivity 

toward OA stress. However, the possibility that Ss-Odc2 regulates compound 

appressoria development and function through pH effect is to be tested in future 

studies.  
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Elevated inoculum nutrient level significantly increases appressoria formation but 

not the infection efficiency of the ∆ss-odc2 mutants, indicating a functional defect of the 

appressoria formed by the ∆ss-odc2 mutants. Although not validated, it is possible that 

this defect is related to elevated host defense reactions due to OA hyperaccumulation 

given the reported effect of OA treatment on eliciting immune reactions in A. thaliana 

plants (Lehner et al., 2008).  

In sum, we demonstrated that Ss-Odc2-mediated OxDC activity functions in early 

infection establishment of S. sclerotiorum. Although the detailed biological roles of 

OxDC activity are to be determined, the findings reported here demonstrate that OA 

accumulation is developmentally regulated through catabolism and this activity is 

required for penetration-dependent infection on many hosts. Methods to quantitatively 

measure local OA accumulation and local ambient pH with high spatial resolution are 

necessary to further refine our understanding of the dynamics of these factors during 

host infection and colonization. 
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Figure 3-1.  Northern hybridization analysis of the transcript accumulation for Ss-odc1 
and Ss-odc2. Ethidium bromide stained rRNA was used for a loading control, 
with the 28S rRNA band shown below each blot. A) pH/OA treatments. 
Treatments were carried out in YPSu medium and the fungal hyphae were 
incubated for 4h during treatments. B) Developmental stages. M: mycelia (4 
day stationary PDB culture), S: sclerotia at developmental stage 3-4, A: 
apothecia at developmental stage 4-5, CA induction: compound appressoria 
(CA) induction on cellophane overlaid on PDA, extensive CA formation starts 
to occur 36 hours post cellophane induction (C), IT: infected tomato leaves (2 
dpi), T: mock inoculated tomato leaves (2 dpi).   
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Figure 3-2.  Tissue specificity of Ss-odc2 gene expression determined by promoter-
driven GFP expression. Mycelia plugs were inoculated on cellophane overlaid 
PDA medium for compound appressorium induction. GFP expression driven 
by the constitutive oliC promoter was used as a control. Red arrows indicate 
compound appressoria and the scale bars represent 200 µm. 
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Figure 3-3.  Construction and verification of gene knock out mutants of Ss-odc1 (A) and 
Ss-odc2 (B) genes. For Southern blot analysis of Ss-odc1 gene knock out 
transformants, genomic DNAs were digested with EcoR V before 
hybridization. For Southern blot analysis of Ss-odc2 gene knock out 
transformants, genomic DNAs were digested either with EcoR I before being 
hybridized with probe 1, or double digested with Pst I and Xho I before being 
hybridized with probe 2. 
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Figure 3-4.  ∆ss-odc2 mutants were less efficient in compound appressorium 
development. A) Compound appressoria formed on parafilm (3 dpi). B) 
Magnified view of appressoria. C) Compound appressoria formed on 
cellophane from germinated ascospores. Note the lack of highly complex 
cushion-shaped appressoria in ∆ss-odc2 mutants by 5dpi. The scale bars on 
top and bottom panels represent 200 μm and 1 mm respectively. Ect: ectopic 
strain, Com: complementation strain. 
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Figure 3-5.  Virulence assay for ∆ss-odc2 and control strains. A) Relative lesion sizes 
on detached tomato leaves (3 dpi), detached bean leaves (3 dpi), and 
detached bean petioles (2 dpi). The bar plots represent means + standard 
deviations based on 10, 8, and 8 independent inoculation replicates for 
tomato leaf, bean leaf and bean petiole respectively. Bars with different letters 
are statistically different (p<0.05) as determined by one-way ANOVA (p<0.05) 
followed by a post-hoc Tukey HSD analysis. B) Celery stalk inoculation (3 
dpi). Ect: ectopic strain, Com: complementation strain. 
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Figure 3-6.  ∆ss-odc2 mutants were inefficient in primary lesion establishment. A) 
Appressoria and dead host cells were visualized by trypan blue staining. The 
mutant formed fewer appressoria compared with the WT and rarely initiated 
penetration by 14 hpi. B) Typical primary lesions formed by the WT and the 
∆ss-odc2 mutants by 2 dpi. 
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Figure 3-7.  Wounding prior to inoculation fully restored the virulence defect of the ∆ss-
odc2 mutant. Detached soybean leaves were either directly inoculated or 
wounded prior to inoculation. A) Typical lesion appearance (2 dpi). B) Lesion 
size quantification (2 dpi). Bars represent means + standard deviations for 15 
unwounded and 7 wounded inoculation replicates respectively. Ect: ectopic 
strain, Com: complementation strain. 
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Figure 3-8.  Inoculum with elevated nutrients increased ∆ss-odc2 compound 

appressoria formation. Mycelia plugs from 2x PDA, PDA, and 1/2x PDA were 
inoculated on parafilm for appressorium induction. Photograph was taken two 
days post inoculation. 
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Figure 3-9.  Inoculum with elevated nutrients did not improve the ∆ss-odc2 penetration 
efficiency. Leaves were sampled at 24 hpi, cleared and stained with trypan 
blue for observation. 
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Figure 3-10.  Inoculum with elevated nutrient improved compound appressoria 
formation but not penetration of the ∆ss-odc2 mutant. Leaves were sampled 
24 hpi, cleared, and stained with trypan blue. A) WT, PDA mycelia plug. B) 
∆ss-odc2 mutant, PDA mycelia plug. C, D) ∆ss-odc2, 2x PDA mycelia plug. 
Arrowheads point toward compound appressoria. Scale bars represent 1 mm. 
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Figure 3-11.  Quantification of oxalic acid accumulation in cultures. A) PDA medium. Six 
5 mm diameter plugs located at even space intervals between the inoculation 
site and the infection front were pooled together as one sample. B) Stationary 
PDB medium. For A and B, the bar plots represent means + standard 
deviations of three independent biological replicates. Bars with different 
letters are statistically different (p<0.05) as determined by one-way ANOVA 
(p<0.05) followed by a post-hoc Tukey HSD analysis. Ect: ectopic, Com: 
complementation. 
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Figure 3-12.  Quantification of oxalic acid accumulation in mycelia PDA plugs during 
compound appressorium development. For each time point, six plugs were 
pooled together as one sample and the bar plots represent means + standard 
deviations based on three independent replicates. Bars with different letters 
are statistically different (p<0.05) as determined by one-way ANOVA (p<0.05) 
followed by a post-hoc Tukey HSD analysis. 

 
  



111 
 

 
 

Figure 3-13.  Ss-odc2 gene overexpression in S. sclerotiorum. A) Schematic 
representation of the gene overexpression cassette. B) Accumulation of Ss-
odc2 transcripts in the vegetative hyphae of the WT and overexpression 
strain (oliC-odc2). C) Oxalic acid accumulation kinetics in PDB shake culture. 
The bar plots represent means + standard deviations based on three 
independent replicates. D) Oxalic acid degrading activity assay. Oxalic acid 
was added to 100 µL protein extract to a final concentration of 10 mM; after 
30 min incubation, oxalic acid level was qualitatively indicated by the 
decrease in blue color extent (based on an enzymatic oxalic acid 
quantification kit). For quenched control, 1 µL 10 M NaOH was added prior to 
incubation. 
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CHAPTER 4 
IDENTIFYING GENES REGULATING Sclerotinia sclerotiorum VIRULENCE AND 

DEVELOPMENTAL PROCESSES BY Agrobacterium tumefaciens-MEDIATED T-DNA 
INSERTIONAL MUTAGENESIS 

Introduction 

The Ascomycota fungus Sclerotinia sclerotiorum (Lib.) de Bary is a devastating 

and cosmopolitan necrotrophic fungal plant pathogen which causes ‘white mold’ 

diseases defined by water-soaked or dry lesions covered with white fluffy hyphae. It 

infects over 400 plant species, among which are many important crops (legumes, 

sunflowers, canola), vegetables and ornamentals; each year this pathogen generates 

an estimated economic loss of multi-million dollars in the U.S. (Bolton et al., 2006). Due 

to the quantitative nature of sclerotinia disease resistance, limited success has been 

achieved in breeding resistant cultivars, which further contributes to the economic 

damages (Peltier et al., 2012). A better understanding of its pathogenic and 

developmental processes is critical for designing novel and efficient disease 

management strategies.  

The infection of S. sclerotiorum involves the sequential differentiation of infection 

structures including compound appressoria, subcuticular infectious hyphae and 

ramifying hyphae which spread both inter- and intra-cellularly (Lumsden & Dow, 1972). 

S. sclerotiorum is a necrotrophic fungus, the infection of which has been implicated to 

largely depend on the secretion of oxalic acid (OA) (Maxwell & Lumsden, 

1970; Marciano et al., 1983; Godoy et al., 1990) and cell wall degrading enzymes 

(CWDEs) (Marciano et al., 1982; Marciano et al., 1983). Recent studies, however, 

suggest that the successful infection of S. sclerotiorum requires an active suppression 

of host defenses, a regulation of host redox status and a regulation of host cell death 
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(Williams et al., 2011; Kabbage et al., 2013; Zhou et al., 2013; Zhu et al., 2013). Thus S. 

sclerotiorum interacts with its hosts more nuancely than previously expected. Via gene 

disruption or gene silencing, genes involved in pH or cAMP-dependent signaling 

pathways (Rollins, 2003; Jurick & Rollins, 2007), redox regulation and oxidative stress 

tolerance (Kim et al., 2011; Veluchamy et al., 2012; Xu & Chen, 2013), compound 

appressorium development (Li et al., 2012; Xiao et al., 2013), and xylan hydrolysis 

(Yajima et al., 2009) have been determined to contribute to S. sclerotiorum infection.  

Compound appressoria (CA) are hyphal tip-derived multicellular penetration 

structures differentiated on the cuticle surface, through which S. sclerotiorum penetrates 

the cuticle and establishes early infection. CA are formed via the serial recurrent events 

of hyphal tip growth retardation, swelling, and subsequent bifurcation (Abawi, 

1975; Tariq & Jeffries, 1984). CA are indeterminate structures and can have a very high 

structure complexity, reaching several millimeters in size and including within it 

thousands of aligned hyphal tips. Besides cuticle surface, CA formation can also be 

induced via contact with artificial hard and hydrophobic artificial surfaces (e.g. 

microscope cover slips, petri plates, parafilm). Nutrients (Cruickshank & Wade, 1992), 

surface hardness (Tariq & Jeffries, 1984), cAMP signaling pathway and cellular redox 

status (Jurick & Rollins, 2007; Li et al., 2012), and calcium signaling (Xiao et al., 2013) 

have been shown to regulate CA development.  

Sclerotia play a central role in the S. sclerotiorum disease cycles. These 

structures can remain viable in soil for multiple years and their carpogenic germination 

can release tens of millions of ascospores to serve as the primary inoculum source in 

most infections. OA, ambient pH, oxidative stress, cAMP and MAPK-dependent 
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signaling pathways can all regulate sclerotium development (Erental et al., 2008). 

Disruption of the ambient pH-responsive transcription factor Ss-Pac1 causes an 

aberrant sclerotium formation (Rollins, 2003); disruption of a putative Ca2+-binding 

protein Ss-Caf1 causes the formation of looser and larger sclerotia which failed to 

produce apothecia (Xiao et al., 2013); silencing of the ERK-type mitogen-activates 

protein kinase Ss-Smk1 blocked sclerotium maturation (Chen et al., 2004).  

Insertional mutagenesis is a powerful forward genetic tool for fungal molecular 

genetic researches, with the commonly used approaches including restriction enzyme-

mediated integration (REMI), transposon-based methodologies, and Agrobacterium 

tumefaciens-mediated transformation (ATMT). Among them, ATMT has been most 

widely used due to its high efficiency, versatility of transformable tissues, and relatively 

simple DNA integration pattern. ATMT has been successfully applied to the 

identification of pathogenicity-related genes among Magnaporthe grisea (Jeon et al., 

2008), Botrytis cinerea (Giesbert et al., 2011), Verticillium dahlia (Maruthachalam et al., 

2011), and many others phytopathogenic fungi.  

Our laboratory has generated a T-DNA insertion mutant library with the 

Agrobacterium strain AGL-1 harboring the binary vector pBHT1 (Mullins et al., 2001). 

The library consists of 1134 transformants and has been successfully utilized for the 

identification of genes regulating apothecia development. The objective of this study 

was to take advantage of this library to identify genes regulating the S. sclerotiorum 

pathogenesis, and its CA and sclerotium development. Using high throughput assays, 

we obtained a variety of transformants with virulence or developmental defect; using 

TAIL-PCR (Thermal Asymmetric Interlaced PCR), a hypothetical protein (SS1G_10409) 
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conserved across filamentous fungi was identified to contribute toward virulence and the 

development of sclerotia and CA; in addition, a protein potentially involved in pre-mRNA 

3’ maturation and polyadenylation (SS1G_01691) was identified as a  regulator of radial 

growth, OA accumulation, virulence, and the development of sclerotia and CA. Taken 

together, this study improved the understanding of the S. sclerotiorum pathogenic 

process and identified a stock of insertional mutants which would aid further studies into 

the virulence and developmental processes of this devastating pathogen. 

Materials and Methods  

Strain maintenance and plant growth 

The S. sclerotiorum wild type (WT) isolate ‘UF-1' was maintained and propagated 

on potato dextrose agar (PDA) (Difco, Franklin Lakes,  NJ) medium at room 

temperature. The T-DNA insertion transformants were maintained and propagated on 

PDA medium supplemented with 100 µg/mL hygromycin. Desiccated sclerotia or 

mycelia-colonized filter papers were established for all T-DNA insertion transformants 

and placed in paper envelopes at -20°C for long-term storage. Common bean 

(Phaseolus vulgaris cv. Bush Blue Lake 47) and soybean (Glycine max [L.] Merr. cv. 

Harosoy) plants were grown in the greenhouse with natural sunlight and temperatures 

ranging between 15°C and 26°C.  

To activate the stored T-DNA insertion mutants, sclerotia or filter paper stocks 

were inoculated in 2 mL eppendorf tubes containing 0.5 mL PDA medium supplemented 

with hygromycin to a final concentration of 100 µg/mL. After one week, vegetative 

hyphae from most stocks would have spread across the entire tube; slices of PDA agar 

covered with vegetative hyphae were cut out of the eppendorf tube and inoculated onto 

PDA medium supplemented with 100 µg/mL hygromycin. Mycelia agars cut from the 
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expanding edge of fungal colonies were used for plant inoculations and developmental 

assays. 

Phenotypic assays  

Radial growth assay was carried out on PDA medium. Mycelia plugs were 

inoculated on 9 cm wide PDA medium. Three independent replicates were carried out 

for each isolate. The radial diameters were recorded at 12 h time intervals. Diameter 

data collected between 0 h and 48 h were used to obtain the growth slope. The relative 

growth rates of the mutants were calculated as the ratio of the growth slope relative to 

the WT. Colony morphology and sclerotium development phenotypes were observed 

after 10 days of vegetative growth on PDA plate. 

Compound appressoria (CA) formation assay was conducted by inoculating 

mycelia plugs obtained from the growing edge of colonies on parafilm and kept inside 

moisture chamber for two days at room temperature (Figure 4-2). Isolates defective or 

significantly reduced in CA development would be distinguished by the lack of 

macroscopic ring-layer structures surrounding mycelia plugs.  

Celery stalks purchased from the local grocery store were used for the primary 

virulence assay. Firm, fresh and healthy celery stalks were washed with tap water and 

cut into 3-4 cm long sections; sections without mechanical wounding were selected for 

inoculation.  The celery stalk sections were arranged in 9x12 arrays within individual 

moisture chambers (Figure 4-1). For each isolate, three inoculation replicates were 

done on neighboring celery chunks so that each moisture chamber contained 

inoculations from 35 T-DNA transformants and one WT isolate. To inoculate the celery, 

mycelia plugs from the actively growing PDA culture edges were carefully placed on the 

celery surface to avoid physical damage. Inoculated celery chunks were kept inside the 
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moisture chamber at room temperature for three days before the disease lesions were 

photographed and scored. For disease scoring, disease lesions were designated as 

normal (N, lesion expands indistinguishably from the WT), slower (S, lesion expands at 

a slower rate compared with the WT), limited (L, lesion expands slightly but then stops), 

and very limited (V, no visible lesion or small lesion). Isolates showing virulence defect 

in at least two out of three replicates were selected and further tested in two additional 

independent celery screening experiments with the same inoculation scheme. Isolates 

consistently showing virulence reduction among the three experiments (Table C-1) were 

selected as ‘virulence-defective candidates’ for further virulence assay conducted on 

common bean. 

Three week old common bean plants were used for virulence assays. Inoculation 

was carried out on both detached primary leaves and detached leaf petioles. For leaf 

inoculation, leaves were directly inoculated (unwounded inoculation) or inoculated 

through a 0.5 cm incision made with scalpel just prior to inoculation (wounded 

inoculation). For each isolate, three replicates were carried out for the unwounded 

inoculation and two replicates were carried out for the wounded inoculation. For the leaf 

petiole inoculation, mycelia plugs were directly placed on top of the petioles in the 

midway. For each isolate, four independent replicates were carried out. For leaf and leaf 

petiole inoculations, lesions were photographed two days post inoculation and the 

lesion areas or lesion lengths were determined with Spot Advanced Software program 

(Diagnostic Instruments, Sterling Heights, MI). Relative lesion sizes for leaf inoculations 

were square root transformed to allow for comparison with the relative growth rates and 

the relative lesion lengths on leaf petioles. ‘Virulence-defective mutants’ were identified 
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based on a consistency of virulence reduction (less than 80% of the WT) among assays 

combined with a ratio score of less than 1 for relative virulence over relative growth rate.  

OA accumulation was either directly measured with the enzymatic assay kit 

(Sigma, St. Louis, MO) or indirectly assayed by monitoring growth medium pH change. 

The bromophenol blue pH indicator (changing color from violet to yellow when pH drops 

from above 4.6 to below 3.0) was used to monitor the medium pH acidification, 

transformants were inoculated on PDA medium supplemented with 50 mg/L 

bromophenol blue with the initial pH adjusted to 7.0 with KOH. Mutants deficient in OA 

accumulation would be indicated by a blue medium color or a slower pace in blue to 

yellow transition. 

Nucleic acid manipulations 

T-DNA insertion copy numbers were determined by Southern blot analysis. 

Extracted genomic DNA was digested with Bgl II (a restriction enzyme not cutting the T-

DNA), separated by electrophoresis in agarose gel and blotted onto nylon membrane 

(Roche Diagnostics, Indianapolis, IN). Hybridization was carried out with a probe 

encompassing the hygromycin phosphotransferase (hph) coding region labeled with 

digoxigenin (DIG) using the DIG DNA Labeling and Detection Kit (Roche Diagnostics, 

Indianapolis, IN).    

A reported TAIL-PCR protocol was followed for identifying the genomic DNA 

sequences flanking the T-DNA border (Liu & Chen, 2007). Three rounds of PCR 

reactions were carried out, and the PCR reaction setup and the thermal conditions were 

the same as reported (Liu & Chen, 2007). In the first round amplification, the arbitrary 

primer LAD1-2 [5’ ACGATGGACTCCAGAG(G/C/T)N(G/C/T)NNNGGTT 3’] was 

combined with the gene specific primer LB1 (5’ GGGTTCCTATAGGGTTTCGCTCATG 



119 
 

3’) or RB1 (5’ GGCACTGGCCGTCGTTTTACAAC 3’). The PCR product was diluted 50 

times and used as template for a secondary round amplification where primer pair AC1 

(5’ ACGATGGACTCCAGAG 3’)/Fix-LB2 (5’ 

ACGATGGACTCCAGAGCATGTGTTGAGCATATAAGAAACCCT 3’) or AC1/Fix-RB2 

(5’ ACGATGGACTCCAGAGAACGTCGTGACTGGGAAAACCCT 3’) was used. Primer 

Fix-LB2 and Fix-RB2 contained a pre-fixed tag sequence identical to AC1 (bold). With 

such primer design, short PCR products would be prone to form hairpin structures due 

to sequence complementation, which would selectively suppress their amplification. The 

second-round PCR product was diluted 10 times and used as a template for a third 

round of amplification with the primer pair AC1/LB3 (5’ 

GAATTAATTCGGCGTTAATTCAGT 3’) or AC1/RB3 (5’ CCCTTCCCAACAGTTGCGCA 

3’). Final PCR products were analyzed on 1.2% agarose gel and target fragments were 

recovered with the Genclean® kit (MP Biomedicals Corporate, Santa Ana, CA) and 

cloned into the pGem-T vector (Promega, Madison, WI) for DNA sequencing. 

Recovered DNA sequences were compared with the S. sclerotiorum genome sequence 

(Broad institute, 

http://www.broadinstitute.org/annotation/genome/sclerotinia_sclerotiorum/MultiHome.ht

ml) to determine the T-DNA integration sites. BLAST searches against the GenBank 

database were used to infer gene functions. 

Data analysis 

Linear regression was used for calculating the coefficient of determination (R2) 

values. Average values in relative growth rates and relative virulence were used. The 

disease score ‘N’, ‘S’, ‘L’ and ‘V’ in celery infection were arbitrarily transformed into 

numerical value ‘4’, ‘3’, ‘2’ and ‘1’ respectively, the average values over the nine assays 
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were used for subsequent correlation analysis. For correlation analysis involving celery, 

several mutants were excluded, either due to incomplete data (AT18, AT267, AT529, 

AT891 and JAT190) or being an obvious outlier (AT343).  

Results 

Preliminary CA formation assay and virulence screening on celery  

Southern blot analysis indicated that single copy of T-DNA integration occurred 

most commonly among the T-DNA transformants, while double integration and no 

integration occurred infrequently (Figure C-1). The different sizes of the hybridized 

fragments indicated random T-DNA integration events.  

1111 out of 1134 T-DNA transformants grew from stocks. 1103 transformants 

were screened preliminarily, among which 89 isolates showed either reduced lesion 

size (85 in total) or inefficient CA development (25 in total); 21 isolates showed defects 

in both phenotypes. These 89 isolates, together with 8 isolates not screened 

preliminarily, were further tested for their virulence and appressorium formation 

phenotypes in two independent rounds of experiments. Among the 97 isolates 

characterized, two isolates showed no virulence defect in two independent experiments; 

49 isolates showed virulence defects in one out of three or one out of two experiments; 

18 isolates showed virulence defect in two out of three experiments; 28 isolates showed 

virulence defects in three out of three or two out of two experiments. For the 

appressorium formation phenotype, 56 isolates showed no appressorium formation 

defect in any experiment; 13 isolates showed appressorium formation defects in one out 

of three or one out of two experiments; 10 isolates showed appressorium formation 

defects in two out of three experiments; 18 isolates showed appressorium formation 

defects in three out of three or two out of two experiments. Based on the preliminary 
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screening, 53 isolates were selected as ‘virulence-defective candidates’ for further 

phenotypic assays (Table C-1). 

Virulence assay on common bean 

Virulence of the 53 ‘virulence-defective candidates’ were assayed on detached 

common bean leaves with both unwounded and wounded inoculations, and on bean 

petioles with unwounded inoculation (Table C-2). Their radial growth rates on PDA 

medium were also measured to determine whether the reduction in virulence could be 

simply attributed to a growth defect. In unwounded leaf inoculations, 20 isolates showed 

relative lesion diameters (calculated as square root of the lesion size) less than 60% of 

the WT, 22 isolates between 60% and 90%, and 11 isolates more than 90%.  In 

wounded leaf inoculation, 18 isolates had lesion diameters less than 60% of the WT, 20 

isolates between 60% and 90%, and 15 isolates more than 90%.  In the petiole 

inoculation, 19 isolates had lesion lengths less than 60% of the WT, 18 isolates 

between 60% and 90%, and 16 isolates more than 90%. The relative virulence of the 

‘virulence-defective candidates’ based on the three virulence assays (bean leaf 

unwounded, bean leaf wounded, bean petiole) were strongly correlated, with the R2 

values around 0.8. The correlations between the relative radial growth and the relative 

virulence based on the three assay methods were moderate but significant (p<0.001), 

with R2 values between 0.4 and 0.5 (Figure C-2). Virulence level correlation of the 

‘virulence-defective candidates’ between celery and common bean hosts were also 

moderate but significant (p<0.001), with R2 values for bean leaf unwounded, bean leaf 

wounded, and bean petiole being 0.53, 0.56 and 0.63, respectively (Figure C-3). 

Relative virulence on celery and relative growth rate shows a low level correlation, with 

a R2 value of 0.26 (Figure C-3).  
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Sixteen out of the 53 ‘virulence-defective candidates’ were determined to be 

‘virulence-defective mutants’ based on the criteria that the mutant showed significantly 

reduced virulence (80% or less than the WT among all assays on bean plants), and 

showed more severe virulence defect than radial growth defect (Figure 4-3). Among the 

other 37 isolates, 9 isolates showed similar or greater growth reduction relative to 

virulence (AT120, AT229, AT345, AT450, AT512, AT573, AT785, JAT30, JAT96), 28 

isolates exhibited a virulence reduction to a small extent (less than 20%).  

Genetic mutations associated with many ‘virulence-defective mutants’ have 

pleiotropic effects (Table 4-1). Among the 16 isolates, AT78, AT81 and AT923 were the 

only isolates showing wild type-like phenotypes for radial growth, sclerotia production, 

compound appressoria (CA) development, and oxalic acid (OA) accumulation. Six 

isolates (AT18, AT102, AT185, AT196, JAT203, JAT208) showed severe growth 

defects (relative growth rate less than 60% of the WT); 11 isolates (AT18, AT63, AT67, 

AT76, AT172, AT185, AT196, AT258, AT815, JAT121, JAT203) showed inefficient or 

no CA development in at least two independent assays (Figure C-4); three isolates 

(AT67, AT185, AT258) exhibited sclerotia differentiation defects (Figure C-5), two 

isolates (AT185, AT258) showed reduced medium acidification potential most likely due 

to decreased OA accumulation (Figure C-7, C-8). In ensuing experiments, mitotic 

instability was observed for AT172 and AT185 (designed AT172m and AT185m). While 

AT172 produced both OA (indicated by medium acidification assay) and sclerotia, 

AT172m produced neither. AT185 was defective in both OA production and the 

development of CA and sclerotia while AT185m reverted to wild type in all phenotypes.  
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Mutants defective in compound appressorium (CA) development  

Four independent CA formation assays were carried out. Overall, 30 isolates 

showed a CA deficiency (being either inefficient or unable to differentiate CA) in at least 

two independent experiments (Figure C-4). Among them, 12 isolates (AT18, AT63, 

AT67, AT120, AT172, AT185, AT196, AT201, AT345, AT512, JAT190, JAT203) showed 

defects in all assays. Seven isolates (AT267, AT529, AT545, AT815, AT831, AT891, 

JAT45) showed defects in two out of three or three out of four assays, AT815 showed 

wild type-like phenotype in the first assay and showed a defective phenotype in all 

ensuing assays; the other six isolates showed defective phenotype in the first two or 

three assays, but showed wild type-like phenotype in the last one. An additional 11 

isolates (AT34, AT76, AT229, AT258, AT343, AT365, AT563, AT573, AT709, JAT96, 

JAT121) showed defects in two out of four assays.  

Among the 12 isolates showing appressoria formation defects in all assays, nine 

isolates (AT18, AT63, AT67, AT120, AT172, AT185, AT196, AT512, JAT203) showed 

significantly reduced virulence on common bean while AT345, AT201, and JAT190 did 

not (Table C-2). Microscopic examination indicated that all 12 isolates still differentiated 

CA at low efficiency on parafilm, and the appressoria appearance did not differ 

significantly from the WT (data not shown). On onion epidermal strips, CA-mediated 

cuticle penetration was observed for all 12 mutants at low frequency, indicating the 

functionality of the appressoria structures they differentiated (data not shown). In 

subsequent experiments, AT512 and JAT190 showed mitotic instability in their 

appressoria formation phenotype, both of which switched back to appressoria 

production as efficiently as the wild type. Among the 12 isolates, AT67, AT120, AT185, 



124 
 

and AT258 were also defective in sclerotia formation, indicating common genetic factors 

regulating these two developmental processes were disrupted in the mutants.  

Mutants aberrant in sclerotium development or plate morphology  

On PDA medium, 17 T-DNA insertion mutants were aberrant in sclerotium 

development or plate morphology (Figure C-5). AT67, AT185, AT226, and AT258 could 

not differentiate sclerotia initials; AT258, but not the other three isolates, showed very 

fluffy aerial hyphae at the plate edge. AT343 and AT365 differentiated sclerotia initials 

abundantly, however they could not mature further; AT343 and AT365 also showed 

increased pigment deposition on the PDA medium. JAT165 could differentiate 

distinctive sclerotia structures, but many of them failed to mature and melanize. AT115, 

AT545, AT575, and JAT208 formed irregular and mis-shaped sclerotia. AT913 

produced sclerotia smaller in size, but produced them more abundantly; on PDA 

medium AT913 also differentiated minute melanized hyphal aggregates; microscopic 

observation indicated that these aggregates were formed by recurrent events of hyphal 

tip branching and growth reorientation (Figure C-6). AT213 differentiated sclerotia 

similar in appearance as the wild type, however the sclerotia attached firmly within PDA 

medium after sclerotium maturation. Mutants showing aberrant plate morphology (AT2 

and AT196), increased (AT196, AT343, AT394, AT913) or decreased (AT201) pigment 

accumulation were also identified.  

TAIL-PCR 

Seventeen TAIL-PCR amplification products from 12 mutants (JAT208, AT18, 

AT185, AT63, AT172, AT67, AT815, JAT121, AT258, AT201, AT365, JAT96) of 

different phenotype categories were cloned and sequenced, among which 10 

corresponded to T-DNA derived sequences, 7 corresponded to T-DNA flanking genomic 
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DNAs. The 10 T-DNA derived sequences were all made up of left border (LB) and right 

border (RB) sequences joined head-to-tail, a T-DNA arrangement pattern in accordance 

with multiple tandem T-DNA integrations at the same locus. The 7 flanking genomic 

sequences included the LB and RB flanks of AT67 and AT258, and the LB flanks of 

AT18, JAT208 and AT185 (Figure 4-4; Table 4-2). The LB and RB insertion sites of 

AT67 were both within the coding region of SS1G_10409, separated by 30 bp, 

suggesting a small genomic DNA deletion event. This gene is predicted to encode a 

hypothetical protein containing an AIM24 domain presumably functioning in 

mitochondria biogenesis (Figure 4-5). The LB flank insertion site of AT185 was within 

the coding region of SS1G_01691, which encodes a subunit component of the mRNA 

cleavage and polyadenylation specificity factor complex. The other four T-DNA derived 

sequences located within the intergenic regions and the genes functionally affected 

could not be conclusively determined (Table 4-2). The LB and RB flanks of AT258 were 

in the middle regions of supercontig 7 and supercontig 10 respectively, indicating 

chromosome rearrangement in association with T-DNA integration.  

AT67 did not form sclerotia, was inefficient in CA development, and showed 

dramatically reduced virulence on celery, common bean and soybean hosts (Figure 4-

5). In accordance with the observed sclerotia-defective phenotype of AT67, 

SS1G_10409 transcripts accumulation was highly up-regulated during sclerotial 

development as indicated by an enrichment of EST sequences (Broad Institute 

reference). In PDB shake culture, AT67 accumulated OA to a level slightly lower than 

the WT (1.5 to 2 fold lower, Figure A-13), suggesting the virulence defect may be 

partially attributed to an OA accumulation deficiency.  
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The SS1G_01691 gene disrupted within the AT185 transformant encodes a 

homolog of the Saccharomyces cerevisiae Pta1 protein. Pta1 is a subunit component of 

the cleavage/polyadenylation factor (CPF) 3'-end processing complex. As a scaffold 

protein, Pta1 recruits other subunits to form the CPF complex which contributes toward 

pre-mRNA cleavage, mRNA 3’ polyadenylation, transcription termination, and RNA 

alternative splicing events (Ghazy et al., 2009; Seoane et al., 2009). Thus SS1G_0169 

is an important component of the post transcriptional regulation network of S. 

sclerotiorum. Compared with AT67, AT185 exhibited a more dramatic defect on radial 

growth, compound appressorium and sclerotium development, OA accumulation, and 

virulence (Figure 4-6).  

Discussion 

Agrobacterium-mediated random insertional mutagenesis is a forward genetic 

approach widely used for identifying virulence factors among fungal plant pathogens. In 

this study, we applied this technique to the devastating broad host range necrotrophic 

pathogen S. sclerotiorum, with the aim of identifying factors regulating its virulence and 

developmental processes. To improve the screening efficiency for ‘virulence-defective 

mutants’, we developed a celery stalk-based virulence assay system, which is 

advantageous for the immediate availability of plant materials, and the convenience of 

carrying out high-throughput screening within a limited space. With this approach, we 

screened over one thousand T-DNA transformants in less than two months and 

identified 53 isolates designated as ‘virulence-defective candidates’. Out of the 53 

isolates, up to 20 isolates showed lesion diameter less than 60% of the WT on an 

independent host common bean, and up to 42 isolates showed lesion diameters less 

than 90% of the WT. Although the physiological status of the purchased celery stalks is 
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intrinsically variable (due to variations associated with growth, storage, transportation, 

mechanical wounding and so forth), a relatively good correlation (R2 value larger than 

0.5) was observed between virulence assay on celery and common bean hosts. Thus, 

the celery stalk infection assay developed in this study is a highly efficient and reliable 

approach for virulence screening. By combining with virulence assay on a secondary 

host, virulence defective mutants can be rapidly identified. 

In this study, SS1G_10409 and SS1G_01691 were identified as factors 

regulating S. sclerotiorum virulence and development. SS1G_10409 is a hypothetical 

protein with an AIM24 domain, which has been associated with mitochondria biogenesis 

based on gene knock out analysis in yeast (Hess et al., 2009). SS1G_10409 protein 

homologs can be identified in both Ascomycota and Basidiomycota fungi, indicating a 

conserved biological function. In contrast, SS1G_10409 protein homolog was not found 

among plants and animals, indicating a possibility of fungicide development targeting at 

this protein. Although not experimentally tested, SS1G_10409 likely contributes toward 

the developments and virulence of S. sclerotiorum through regulating mitochondrial 

biogenesis or mitochondria-associated activities. In filamentous fungi, mitochondrial 

activities have been shown to contribute significantly toward drug tolerance and 

virulence, and have been linked with the regulation of cell wall and cell membrane 

integrity, and the regulation of oxidative stress responses (Shingu-Vazquez & Traven, 

2011). In the phytopathogen Ustilago maydis, disruption of a hydroxyacyl coenzyme A 

dehydrogenase gene had1 abolishes mitochondria β-oxidation and correspondingly 

causes defects in yeast/filamentous growth transition and virulence (Kretschmer et al., 

2012). In S. sclerotiorum, the mitochondria-localized tricarboxylic acid cycle (TCA) may 
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contribute significantly toward the generation of oxaloacetate, a metabolic precursor for 

OA biosynthesis (Liberti et al., 2013). Compared with WT, AT67 showed a 1.5 to 2 fold 

reduction in in vitro OA accumulation (Figure C-13), and showed enhanced sensitivity to 

osmotic stress and oxidative stress (Figure C-14). The relevance of these phenotypes 

with mitochondrial function is to be further determined via gene disruption analysis. 

Emerging evidence has suggested that regulation at the RNA level represents a 

layer of fine-tuned regulation contributing toward plant pathogen interactions (Staiger et 

al., 2013). In Magnaporthe oryzae, a fungus-specific RNA binding protein RBP35 

regulates both its development and virulence (Franceschetti et al., 2011). RBP35 is a 

component of the protein complex contributing toward pre-mRNA cleavage and 

polyadenylation machinery. Here, SS1G_01691, a protein involved in pre-mRNA 

cleavage and polyadenylation, contributes significantly toward the radial growth, the 

development of sclerotium and CA, the accumulation of OA, and the virulence of S. 

sclerotiorum. By comparing transcript accumulation levels of the coding sequence and 

3’ untranslated region (UTR) of the same gene using microarrays, RBP35 has been 

shown to affect the pre-mRNA 3’ end processing of genes related to Target of 

Rapamycin (TOR) signaling pathway, and secreted proteins with domains related to 

effector functions in M. oryzae. A similar experimental strategy could be employed for 

identifying genes under the post-transcriptional regulation of SS1G_01691. 

In accordance with the conclusion that OA is functionally critical in regulating S. 

sclerotiorum virulence and sclerotium development (Chapter 2), the OA-deficient 

mutants AT185, AT208, and AT172m were all defective in virulence and sclerotia 

formation; in addition, AT208 and AT172m showed fluffy hyphae growth at the plate 
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edge, a phenotype quite similar with the ‘UV-induced OA-deficient mutants’ (Godoy et 

al., 1990). AT208 and AT172m produced restricted dark-green lesions on detached 

soybean leaves, similar to those produced by the ∆ss-oah1 mutants and the ‘UV-

induced OA-deficient mutants’ (Chapter 2). These results corroborated the critical 

requirement of OA accumulation for S. sclerotiorum pathogenic and developmental 

processes. In contrast, the identification of a variety of isolates showing significant 

virulence reduction despite relatively normal OA accumulation indicates that factors 

other than OA also contribute significantly toward S. sclerotiorum pathogenesis (Figure 

C-13). These isolates would be valuable experimental materials for further dissecting 

the virulence mechanisms of S. sclerotiorum.  

Mitotic instability and the low efficiency in recovering T-DNA flank sequences are 

two technical challenges encountered in this study. One major factor underlying mitotic 

instability should be the heterogenic status of the T-DNA isolates. Germinating 

ascospores, bi-nucleate in nature, were used as the starting material for ATMT. The 

ATMT transformants were directly used for phenotypic assays without being hyphal-

tipped for increased genetic purity. Thus, most transformants should harbor a mixture of 

transformed and untransformed nuclei. Although the transformants were always 

maintained on hygromycin-selective PDA medium, transformed nuclei were still likely to 

loss during the mitotic division. During the experiment assays, phenotype reversion was 

observed with AT185 (CA, sclerotia, OA production), AT512 (CA), JAT190 (CA), AT545 

(CA), AT831 (CA), JAT45 (CA), AT267 (CA), AT529 (CA) and AT891 (CA). The 

maintenance of hygromycin resistance of these isolates demonstrated the preservation 

of transformed nuclei. Likely the mutant phenotype appearance requires a threshold 



130 
 

ratio of transformed nuclei. In such circumstance, the heterogenic nature of these 

isolates should not affect the recovery of T-DNA flanking sequences despite their 

phenotypic reversion, as being demonstrated with the AT185 transformant.  

Mitotic instability of some mutants, however, seems to be independent of 

phenotypic reversion. AT172, for instance, switched from a sclerotia and OA producing 

isolate to an isolate defective in producing either of them. Epigenetic regulation or 

chromosome rearrangement events may have caused the observed phenotypic change. 

However, such patterns of phenotype switching occurred at a low frequency as AT172 

was the only transformant observed with such behavior. 

The low efficiency in recovering T-DNA flanking genomic sequences is another 

challenge faced in this study. Of the 18 flanking sequences recovered, over 60% were 

T-DNA-derived vector sequences. In all cases, T-DNA sequence going out from one 

border joined together with T-DNA sequence from the other border in a tandem repeat 

manner. Likely multiple T-DNA copies were integrated at the same genomic locus. In 

the LB flank sequence recovered from AT185, the genomic DNA separated from the LB 

T-DNA sequence by a partial RB sequence (171 bp). In addition, incompatible LB and 

RB flanks were recovered from the AT258 transformant. In our independent experiment 

aimed at identifying factors regulating apothecia development with the same T-DNA 

insertion library, a transformant was found to incorporate over 10 kb of vector DNA 

sequence outside of the T-DNA region, which replaced an endogenous genomic DNA 

sequence of over 3 kb. Taken together, complex DNA rearrangement events at the T-

DNA integration sites occur commonly during Agrobacterium-mediated transformation 

of S. sclerotiorum. Complicated T-DNA integration patterns such as sequence deletion 
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or refilling, chromosome translocation or recombination, and tandem or inverse repeats 

of T-DNA sequence at the integration site have been reported to occur at low frequency 

in other filamentous fungi such as B. cinerea (Giesbert et al., 2011) and M. oryzae (Choi 

et al., 2007; Li et al., 2007), and to occur at relatively higher frequency in plants 

(Forsbach et al., 2003; Clark & Krysan, 2010). The genomic complexity associated with 

T-DNA integration events in S. sclerotiorum indicates that it is important to use novel 

strategies for efficient recovery of T-DNA flanking sequences.  

In sum, a variety of T-DNA transformants showing defect in virulence, or the 

development of sclerotia or compound appressoria were identified in this study. These 

mutants would be valuable for understanding the molecular regulation of S. sclerotiorum 

pathogenesis and development. As the cost of genomic sequencing continues to drop, 

a sequencing-based strategy will be a reasonable approach for more fully characterizing 

the basis of the mutant phenotypes described here.  
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Table 4-1.  Virulence, growth, and developments of the T-DNA transformants exhibiting 
virulence defects.     

Isolate 
ID  
 

Virulence on 
celerya 

Virulence on 
bean leaf 
(unwounded)b 

Relative 
growthc 

CA 
formationd 

Sclerotium 
formation 

AT18 NA   | VVV | VVV 0.12 ± 0.10 0.48 0/3  Normal 
AT63 SSS | VVV | VVL 0.23 ± 0.04 0.68 0/4 Normal 
AT67 LLV | LLL | SLL 0.52 ± 0.02 0.83 0/4 Not formed 
AT76 VVV | VVV | SLL 0.61 ± 0.05 1.16 2/4  Normal 
AT78 VVV | VVV | SSS 0.53 ± 0.03 1.08 4/4 Normal 
AT81 LLL | NNN | LLL 0.45 ± 0.08 0.92 4/4 Normal 
AT102 VVV | VVV | VVV 0.16 ± 0.02 0.44 4/4 Normal 
AT172e LLV| SSL | SSS 0.38 ± 0.09 0.70 0/4 Normal 
AT185f VVV| VVV | LLS 0.13 ± 0.09 0.43 0/4 Not formed 
AT196 VVV | VVV | LLL 0.28 ± 0.02 0.51 0/4 Normal 
AT258 VVV | LVV | SSS 0.54 ± 0.01 0.78 2/4  Not formed 
AT815 NLL | SSS | SSS 0.46 ± 0.02 0.74 1/3  Normal 
AT923 NLL | LLL | NNN 0.52 ± 0.01 0.90 4/4 Normal 
JAT121 SSL | NNN | VVV 0.43 ± 0.01 0.63 2/4  Normal 
JAT203 VVV | VVV | VVV 0.00 ± 0.00 0.25 0/4 Normal 
JAT208 VVV | VVV | LLL 0.23 ± 0.04 0.50 4/4 Aberrant  

a Celery stalk virulence assay. For each isolate, three independent experiments 
(separated by vertical bars) were carried out and each experiment includes three 
inoculation replicates with the lesion scores indicated by letters. The lesions were 
scored based on a disease index system with the following categories: Normal (N, 
lesion expands indistinguishablly from the WT), slow (S, lesion expands at a slower rate 
compared to WT), limited (L, lesion expands slightly and then stops), and very limited 
(V, no visible lesion or small lesion). NA: not assayed. 
b Relative lesion diameters. Data represent means ± standard deviations based on three 
independent inoculation replicates.  
c Relative growth on PDA medium. Data represent calculations from three independent 
replicates  
d The number of experiments where the mutants show normal CA and the total number 
of experiments (separated by slash) are given.  
ef Isolates with mitotically unstable phenotypes. AT185m reverted to OA production, 
sclerotia and CA developments; AT172m lost the ability to differentiate sclerotia. 
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Table 4-2.  Recovered genomic DNA sequences flanking T-DNA insertions. All 
transformants contained single T-DNA copies as determined by Southern blot 
analysis. LB: left border, RB: right border, ND: not determined.  

Isolate 
ID 

Position of the 
integration 
pointa (LB/RB) 

Genes relative to 
the integration 
pointb 

Tagged gene BLAST hit 

AT18 Supercontig15
: 992203 (+)/ 
ND 
 

LB: SS1G_10438, 
808 bp 5’/RB: ND 

Unknown - 

AT67 Supercontig15
: 902518 (-)/ 
Supercontig15
: 902548 (+) 

LB: SS1G_10409, 
coding region/RB: 
SS1G_10409, 
coding region  

SS1G_10409 an AIM24 domain 
containing protein 
presumably 
associated with 
mitochondria 
biogenesis 
 

AT185 Supercontig2: 
1593845 (+)/ 
ND 

LB: SS1G_01691, 
coding region/RB: 
ND  

SS1G_01691 mRNA cleavage 
and 
polyadenylation 
specificity factor 
complex subunit 
 

AT258 Supercontig7: 
205256 (+)/ 
Supercontig10
: 283015 (+) 

LB: SS1G_05685, 
417 bp 3’/RB: 
SS1G_07629, 356 
bp 3’; 
SS1G_07630, 303 
bp 3’ 

Unknown - 

     
JAT208 Supercontig3: 

46123 (+)/ 
ND 

LB: SS1G_02131, 
436 bp 5’/RB: ND 

Unknown - 

a Supercontig positions are from the Broad Institute Genome annotation 
(http://www.broadinstitute.org/annotation/genome/sclerotinia_sclerotiorum/MultiHome.ht
ml).The relative direction of the T-DNA (LB/RB) to the integration point was marked with 
‘+’ (T-DNA is 5’ of this integration point) or ‘-‘ (T-DNA is 3’ of this integration point). 
b Gene annotations in < 1,000 bp distance of the integration point are listed. Relative 
locations of the genes to the integration points are shown as 5’ (integration point 
downstream of the stop codon), coding region, and 3’ (integration point upstream of the 
start codon).  
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Figure 4-1.  Celery stalk virulence assay. A) Typical celery chunk appearances before 
(left panel) and three days post inoculation (right panel). B) Lesion scoring 
index. Lesions were scored at 3 dpi. Normal (N, lesion expands 
indistinguishablly from the WT), slow (S, lesion expands at a slower rate 
compared to WT), limited (L, lesion expands slightly and then stops), and very 
limited (V, no visible lesion or small lesion). 
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Figure 4-2.  Compound appressoria (CA) formation assay. Top) Schematic 
representation of the CA induction process. Mycelia plug was directly placed 
on parafilm surface, which would induce the differentiation of a ring layer of 
cushion-shaped CA by 2 dpi. Bottom) Typical CA formation assay results. 
Numbers represent T-DNA transformants and red color designates 
transformants deficient in CA formation. 

  



136 
 

 
 

Figure 4-3.  Relative growth rate and virulence of the 16 ‘virulence defective mutants’ on 
common bean. Relative growth rate values were calculated based on slopes 
of the growth curves at the linear region. Virulence assay was carried out on 
unwounded bean leaves (n=3), wounded bean leaves (n=2), and on bean 
petioles (n=4). The relative virulence values calculated from lesion lengths 
(bean petiole) and square root transformed lesion sizes (bean leaves, 
wounded bean leaves) are shown. Isolates are ranked based on their relative 
virulence in unwounded bean leaf inoculation.   
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Figure 4-4.  DNA sequence arrangements at recovered T-DNA integration sites (LB: left 
border; RB: right border). T-DNA-derived sequences are in uppercase, 
genomic DNA sequences are in green lowercase, the inverse repeat 
sequences at the T-DNA borders are in red. Omitted nucleotides are shown in 
numbers. 
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Figure 4-5.  Phenotypes of the AT67 transformant. A) plate morphology. B, C, D) 
compound appressorium development and virulence assays (celery, 3dpi; 
common bean, 2dpi; soybean, 3dpi). ‘1st’, ‘2nd’, ‘3rd’, and ‘4th’ represent the 
four independent compound appressoria assays. In the celery infection, the 
WT had fully colonized the celery chunk (not shown). E) T-DNA integration 
event. W: wounded.   
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Figure 4-6.  Phenotypes of the AT185 transformant. A) PDA colony morphology. B, C) 
compound appressorium development and virulence assays (celery, 3dpi; 
common bean, 2dpi). ‘1st’, ‘2nd’, ‘3rd’, and ‘4th’ represent the four independent 
compound appressoria assays. In the celery infection, the WT had fully 
colonized the celery chunk (not shown). D) AT185 could not cause medium 
acidification (indicated by blue to yellow color change). E) T-DNA integration 
event. W: wounded. 
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 CHAPTER 5 
RESEARCH SUMMARY  

Sclerotinia sclerotiorum (Lib.) de Bary is a broad host range necrotrophic fungal 

plant pathogen with a worldwide distribution. It causes severe economic losses on a 

variety of important crops (legumes, sunflowers, canola), vegetables and ornamentals. 

In the field, diseases caused by this pathogen are challenging to control, which 

emphasizes the importance of an improved understanding of its pathogenic biology. 

The overall objective of this study was to characterize the genetic regulation of S. 

sclerotiorum pathogenesis, with a particular emphasis on factors regulating OA 

metabolism.   

While OA accumulation has been long implicated as critical for S. sclerotiorum 

pathogenesis (Godoy et al., 1990), it is unequivocally demonstrated in this study via Ss-

oah1 gene mutagenesis. Ss-oah1 gene deletion abolishes OA accumulation both in 

vitro and in vivo, and causes a severe virulence reduction on a range of plant hosts. 

These defects could be completely restored via genetic complementation. Thus OA 

biogenesis in S. sclerotiorum is derived through OAH-mediated hydrolytic cleavage of 

oxaloacetate, similar as in other Ascomycota fungi. It is noteworthy, however, that the 

∆ss-oah1 mutant retains a low level of virulence on different hosts, indicating that OA 

accumulation is not the sole determinator of pathogenicity or host specificity, and that 

factors independent of OA contribute to the establishment of basic host-pathogen 

compatibility. Neutral pH-induced OA accumulation has been reported in several fungal 

species including S. sclerotiorum (Maxwell & Bateman, 1968; Kubicek et al., 

1988; Rollins & Dickman, 2001). Ss-oah1 has been shown to be induced by neutral pH 

through the ambient pH signaling regulator PacC. Interestingly, PacC binding sites are 
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enriched in the 5’ intergenic regions of all known oahs including Ss-oah1, as well as 

many putative Ascomycota oah orthologs, suggesting the conservation of PacC-

mediated activation of oah transcription in amient pH regulation.    

OxDC-mediated OA degradation also contributes toward S. sclerotiorum 

pathogenesis. Ss-odc2 gene expression was strongly induced during compound 

appressorium development, and correspondingly the ∆ss-odc2 mutants showed 

inefficient compound appressorium development and early infection establishment. It is 

to be further determined, however, by which mechanism Ss-Odc2 contributes toward 

early infection establishment. Prior to this study, we hypothesized that OxDC activity 

regulates OA accumulation dynamics during S. sclerotiorum infection. However, Ss-

odc2 gene overexpression affects neither virulence nor in planta OA accumulation 

although it significantly reduces OA accumulation in in vitro PDB shake culture. Very 

likely Ss-Odc2-mediated OxDC activity regulates OA accumulation within a micro- 

rather than a macro-environment. Ss-Odc2-mediated OA degradation activity is 

localized within the insoluble fraction of hyphal protein extracts, strongly suggesting a 

cell wall localization, which would be in accordance with a self-protective function. 

However, Ss-odc2 gene expression is not subjected to regulation by either low pH or 

exogenous OA, nor was altered OA sensitivity observed with the Ss-odc2 gene 

overexpression strain or the Ss-odc2 gene deletion mutants. Deletion of the Ss-odc1 

gene, the expression of which is relatively higher in vegetative hyphae compared with 

Ss-odc2, also did not affect OA stress sensitivity. OxDC activity thus seems to play a 

minor role in regulating OA stress tolerance. Besides stress tolerance, OxDC activity 

may also regulate nutrient absorption or pH signaling, both likely important regulators of 



142 
 

compound appressorium development. In this study, inoculum with elevated nutrient 

allowed for abundant compound appressoria formation by the ∆ss-odc2 mutants, but 

not efficient primary lesion establishment, indicating a penetration defect associated 

with appressoria formed by the ∆ss-odc2 mutants.  

Besides functional characterization of individual genes, the genetic regulation of 

S. sclerotiorum pathogenesis was also addressed via Agrobacterium mediated T-DNA 

insertional mutagenesis. A high throughput celery stalk virulence assay was developed 

to identify T-DNA transformants with virulence defects. Combined with a virulence 

assay on a secondary host (common bean), 16 virulence-defective mutants were 

identified from a collection of 1, 111 transformants. A T-DNA insertion in a gene 

encoding mitochondrial-biogenesis related protein, being conserved across Ascomycota 

and Basidiomycota fungi, was defective in compound appressorium development, 

sclerotium development and virulence. Additional T-DNA insertional mutants with 

compound appressorium or sclerotium developmental defects were also identified. 

Together, the mutants identified in this study are valuable resources for further studies 

on S. sclerotiorum pathogenic and developmental biology. The decline in genome 

sequencing cost makes high throughput genome sequencing an alternative strategy for 

more efficiently identifying and characterizing T-DNA insertion sites which has been 

technically challenging in the current study. 
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APPENDIX A 
SUPPLEMENTAL DATA FOR CHAPTER 2 

Table A-1.  Lesion development and oxalic acid accumulation.  

 Lesion area (mm2)y Oxalic acid (mg/cm2)z 

Strainx Soybean Bean Tomato Soybean Bean Tomato 

WT 
 

2727.3 ± 
367.8a 

550.0 ± 
199.9a 

1161.1 ± 
240.3a 

0.137 ± 
0.041 

0.040 ± 
0.004 

0.045 ± 
0.011 

KO1 63.5 ± 
30.7c 

202.8 ± 
94.6c 

243.7 ± 
184.1c 

0 ± 0 0 ± 0 0 ± 0 

KO2 92.5 ± 
72.2c 

226.3 ± 
62.0c 

271.1 ± 
229.7c 

0 ± 0 0 ± 0 0 ± 0 

Com 1158.6 ± 
186.9b 

394.4 ± 
138.5b 

719.1 ± 
184.7b 

0.148 ± 
0.010 

0.051 ± 
0.016 

0.041 ± 
0.013 

A1 20.6 ± 
10.5c 

178.6 ± 
46.5c 

238.1 ± 
90.0c 

0 ± 0 0 ± 0 0 ± 0 

A2 31.6 ± 
11.0c 

178.5 ± 
40.9c 

165.2 ± 
53.2c 

0 ± 0 0 ± 0 0 ± 0 

A3 27.0 ± 8.9c 152.5 ± 
30.2c 

183.1 ± 
66.9c 

0 ± 0 0 ± 0 0 ± 0 

x WT: wild type; KO: ∆ss-oah1 mutant; Com: complementation strain. 
y Measurement values represent means ± standard deviations based on nine 
independent replicates. Within column mean values with different letters are statistically 
different (p<0.05) as determined by one-way ANOVA (p<0.05) followed by a post-hoc 
Tukey HSD analysis. 
z Measurement values represent means ± standard deviations based on two 
independent replicates. 
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Table A-2.  PacC binding sites (GCCARG) at the upstream intergenic regions of Ascomycota oah homologs.  

OAH homolog IDa Species Taxo
nomy

b 

Characteri
stic amino 

acidc 
(position) 

Synten
yd (Y/N) 

Upstream 
intergenic 
DNA (bp) 

PacC 
binding 

sites 

Distance relative to the 
oah “ATG” (bp) 

gb EJP64777.1  Beauveria 
bassiana 

Sor S (292) Y 1703 6 1183,1142, 999, 738, 
541, 476 

gb EGX91576.1 Cordyceps 
militaris 

Sor S (303) Y 2124 7 1795, 1559, 1209, 905, 
621, 599, 588 

gb EFZ03383.1  Metarhizium 
anisopliae 

Sor S (290) Y 2208 9 2133, 1665, 1489, 782, 
690, 582, 453, 410 

jgi 77429 Daldinia 
eschscholzii  

Sor S (320) Y 3447 13 3353, 3252, 3064, 2813, 
2799, 2435, 2433, 2201, 
2192, 1739, 1577, 1154, 
298 

jgi 71135 Hypoxylon sp.  
 

Sor S (325) Y 3964 14 3848, 3710, 3195, 3039, 
2724, 2722, 2643, 2519, 
2510, 2200, 1870, 1827, 
1072, 291 

jgi 79289  Cryphonectria 
parasitica  
 

Sor S (308) Y 3059 14 2859, 2767, 2534, 1866, 
1728, 1728, 1717, 1579, 
1294, 635, 555, 497, 414, 
262 

XP_001557891.1 Botrytis cinerea Leo S (305) Y 1928 7 1638, 1383, 1094, 1089, 
1080, 756, 585 

XP_001590478.1  Sclerotinia 
sclerotiorum 

Leo S (278) Y 2241 4 1742, 1108, 1094, 773 

XP_002566371.1 Penicillium 
chrysogenum 

Euro S (266) Y 2165 9 1941, 1769, 1727, 1610, 
1550, 695, 663, 559, 237 

XP_001402473.2  Aspergillus 
niger  

Euro S (281) Y 2799 10 2439, 2379, 2247, 1523, 
1510, 1175, 1145, 996, 
399, 321 
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Table A-2. Continued 

OAH homolog IDa Species Taxo
nomy

b 

Characteri
stic amino 

acidc 
(position) 

Synten
yd (Y/N) 

Upstream 
intergenic 
DNA (bp) 

PacC 
binding 

sites 

Distance relative to the 
oah “ATG” (bp) 

XP_001823178.1 Aspergillus 
oryzae  

Euro S (276) Y 1499 9 1412, 1337, 1139, 1126, 
875, 696, 573, 320, 246 

XP_749190.1  Aspergillus 
fumigatus  

Euro S (266) Y 1094 5 991, 978, 482, 432, 278 

gb EKG11254.1 Macrophomina 
phaseolina  

Dothi S (276) Y 4956 9 4198, 4129, 4017, 2696, 
1587, 947, 864, 470, 341 

jgi 58284 Xanthoria 
parietina  

Leca S (266) Unable 
to 
define  

>1558 4 1384, 1051, 686, 552 

jgi 101448 Cladonia grayi Leca S (255) Unable 
to 
define  

>1419 6 841, 714, 532, 331, 124, 
89 

gb EKG16942.1  Macrophomina 
phaseolina  

Dothi S (326) N 1100 2 940, 910 

gb EKG09828.1 Macrophomina 
phaseolina  

Dothi S (355) N 1846 3 1701, 1300, 908 

jgi 7682  Botryosphaeria 
dothidea 

Dothi S (354) N 1324 1 874 

jgi 1757 Botryosphaeria 
dothidea 

Dothi S (326) N 1525 0 Not present 

jgi 184476 Cladosporium 
fulvum  

Dothi S (285) N 234 1 91 

jgi 31987 Baudoinia 
compniacensis 

Dothi S (246) N 1019 1 318 

jgi 11523 Botryosphaeria 
dothidea 

Dothi P (240) N 407 0 Not present 
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Table A-2. Continued 

OAH homolog IDa Species Taxo
nomy

b 

Characteri
stic amino 

acidc 
(position) 

Synten
yd (Y/N) 

Upstream 
intergenic 
DNA (bp) 

PacC 
binding 

sites 

Distance relative to the 
oah “ATG” (bp) 

gb EFQ27707.1 Colletotrichum 
graminicola 

Sor P (247) N 2132 3 1907, 1217, 250 

Uniprot J9N6J6 Fusarium 
oxysporum 

Sor P (255) N 538 0 Not present 

jgi 57143 Oidiodendron 
maius  

 Leo P (246) N 894 1 678 

Uniprot I1S2X9  Fusarium 
graminearum 

Sor P (297) N 1202 0 Not present 

gb CAP94734.1 Penicillium 
chrysogenum 

Euro P (240) N 730 1 418 

gb ABD76556.1 Aspergillus 
niger  

Euro P (240) N 740 0 Not present 

a Sequences were retrieved from NCBI (gb, XP), Joint Genome Institute (jgi), and UniProt (Uniprot) databases. 
Experimentally validated OAHs are underlined. 
b Taxonomy of species. Sor: Sordariomycetes; Leo: Leotiomycetes; Leca: Lecanoromycetes; Dothi: Dothideomycetes; 
Euro: Eurotiomycetes. 
c Amino acid residue at the position proposed to be diagnostic of activity specificity. The residue position within each 
protein is shown within parenthesis. S: serine; P: proline. 
d Synteny relationship with known oahs is determined based on the homology relationship of the 5’ neighboring genes as 
previously reported (Joosten et al., 2008). For genes from Xanthoria parietina and Cladonia grayi, the relationships were 
unable to define due to sequencing gaps.      
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Figure A-1.  Phylogeny of OAH homologs from Ascomycota fungi. The neighbor-joining 
phylogram was constructed based on a full-length protein sequence 
alignment and was tested with 1, 000 bootstrapping replicates; bootstrap 
values smaller than 80 are not shown. Filled diamonds and filled triangle 
represent known OAHs and 2,3-dimethylmalate lyase respectively. Colored 
branches indicate fungal lineages, dark blue: Sordariomycetes; light blue: 
Dothideomycetes; green: Leotiomycetes; red: Eurotiomycetes; pink: 
Lecanoromycetes. Amino acids surrounding the activity-specificity signature 
residue (colored in red or green, position shown within parenthesis) were 
listed. Synteny relationship with known oahs is determined based on the 
homology relationship of the 5’ neighboring genes as previously reported 
(Joosten et al., 2008). 
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Figure A-2.  Medium acidification assay. PDA medium was pH-adjusted to 7.0 with 
NaOH and supplied with the pH indicator bromophenol blue to detect medium 
acidification (violet to yellow color change). Assays were carried out in 5 cm 
petri dish media. 
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Figure A-3.  Radial growth kinetics on unbuffered PDA or PDA media buffered with citric 
acid-sodium phosphate buffer at the indicated initial pH values. Data points 
represent the mean values from three independent colony replicates. The 
standard deviations for all data points did not exceed 0.3 and were not 
plotted. Com: complementation strain. 
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Figure A-4.  Infection assay on detached soybean leaves with or without prior wounding. 
The photograph was taken three days post inoculation. 
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Figure A-5.  Close-up view of the ‘green necronissia’ lesions produced by the ∆ss-oah1 
mutant (KO2) on detached soybean leaflets (A) and on detached canola 
leaflets (B). Leaflets were wounded prior to inoculation and the leaflets in A 
were photographed five days post inoculation.  
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Figure A-6.  Lesion size developments of GFP-labeled strains on detached soybean 
leaves. The barplot represented means + standard deviations and was based 
on measurements from six independent inoculation replicates. 
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Figure A-7.  Cytological events related to the infection establishment of S. sclerotiorum 
on onion epidermal strip. Inoculated onion epidermal strips were sampled 
between 12 and 24 hpi for observation. The samples were either observed 
directly under light (A) and fluorescence microscope (B), or stained with 
safranin O (C, D, E) or trypan blue (F) before light microscopy. A) Compound 
appressorium mediated cuticle penetration, arrowhead indicates the 
differentiation of nascent subcuticular hyphae. B) Papilla deposition and cell 
wall autofluorescence surrounding the penetration sites. C) Densely-aligned 
subcuticular hyphae formed at initial penetration site, arrowhead indicates the 
sheath layer surrounding the subcuticular hyphae. D) An established infection 
where the infectious hyphae had spread and killed epidermal cells over a 
large area whereas the epidermal cell remnants still preserved nuclei staining. 
E) A subcuticular hyphae coming in initial contact with plasmamembrane 
(arrowhead), note the loss of plasmolysis activity of the penetrated cell but not 
the two neighboring cells. F) Subcuticular hyphae penetrating into the 
anticlinal cell wall (arrowheads). P: penetration sites, PM: plasmamembrane, 
SH: subcuticular hyphae. The scale bars represent 100 µm. 
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Figure A-8.  Common association between fungal subcuticular hyphae and alive onion 
epidermal cells observed with both the S. sclerotiorum wild type (WT) and 
∆ss-oah1 mutant (oah-KO2). The onion epidermal cells were plasmolyzed 
with 0.75 M sucrose for 15 minutes and directly examined with both light and 
fluorescent microscopies. Plasmolyzed onion epidermal cells in association 
with fungal subcuticular hyphae are marked with red dots. The scale bars 
represent 200 µm. 
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Figure A-9.  OA crystal accumulation dynamics during onion epidermal strip infection of 
S. sclerotiorum WT. A and B) Penetration stage OA crystals. Crystals were 
rarely observed surrounding vegetative hyphae or compound appressoria on 
the cuticle surface, but were frequently observed at the penetration points. C) 
OA crystals at the early infection stages. Crystals did not accumulate around 
subcuticular hyphae but accumulated abundantly within old compound 
appressoria. D and E) Crystals accumulated heavily within fully-disrupted 
epidermal cells at the lesion center but occurred sporadically at the infection 
front; some crystals could accumulate below viable epidermal cells (indicated 
by focal planes) in areas ahead of the colonization front, which became more 
abundant as colonization proceeded (E, dead epidermal cells are indicated by 
red dot). CA: compound appressoria, P: penetration sites, SH: subcuticular 
hyphae, VH: vegetative hyphae. The scale bars represent 100 µm. 
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Figure A-10.  Elicitor activity of the 7-day old PDB culture fluids of the S. sclerotiorum 
wild type and ∆ss-oah1 mutant (KO2) on tobacco plants. Leaves were 
photographed two days post infiltration and representative pictures from six 
replications are shown.    
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APPENDIX B 
SUPPLEMENTAL DATA FOR CHAPTER 3 

 
 
Figure B-1.  Protein domain structure and multiple sequence alignment. A) Protein 

domain structure. SP: signal peptide. B) Multiple sequence alignment. 
Sequences were retrieved from Genbank and the accession numbers are as 
follows: CAB15314.1 (B. subtilis OxDC), AAQ67425.1 (Trametes versicolor 
OxDC), CAV19809.1 (Dichomitus squalens OxDC), CAG34243.2 
(Ceriporiopsis subvermispora OxO), AAA20245.1 (Hordeum vulgaris OxO). 
Proton donor sites (corresponding to Glu162 and Glu333 in the Bacillus subtilis 
OxdC) were marked with ‘*’. Amino acid residue keys: grey = 100% identity, 
red = Mn2+ ion binding site, underline = ‘lid motif’; number = omitted amino 
acids. OxDC: oxalate decarboxylase; OxO: oxalate oxidase. 
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Figure B-2.  Neighbor-joining phylogram of oxalate decarboxylase (OxDC) homologs. 

The phylogram was based on a full-length protein sequence alignment and 
was tested with 1, 000 bootstrapping replicates; bootstrap values smaller than 
80 are not shown. For each protein, amino acid residues surrounding the 
putative proton donor sites (colored residue, corresponding to the B. subtilis 
OxdC Glu162) are displayed to the right of the branch label. Experimentally-
characterized OxDCs and oxalate oxidases (OxOs) are colored in dark red 
and green respectively. 
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Figure B-3.  The Ceriporiopsis subvermispora oxalate oxidase (OxO) is very similar to 

known oxalate decarboxylases OxDCs. A) Protein sequence identity and 
similarity scores (separated by slash) were calculated based on global 
pairwise alignment. B) Gene exon-intron structures. The relative positions of 
introns were mapped on the protein sequence alignment. Shaded amino 
acid(s) indicate(s) intron position(s), an intron interrupting a codon is shown 
by single amino acid shading while an intron not interrupting a codon is 
shown by double amino acid shading. Numbers indicate omitted amino acids.        
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Figure B-4.  qRT-PCR analysis of Ss-odc2 transcript accumulation at different 
developmental stages and in response to OA treatment. Delta-delta Ct 
method was used to obtain relative expression values and the expression fold 
changes relative to mycelia were plotted. Data represents mean + standard 
deviation from three independent experimental replicates. M: mycelia (4d 
stationary PDB culture), M+OA: mycelia with OA (4d stationary culture in PDB 
supplemented with 20 mM OA), CA: compound appressoria (48h post 
induction on cellophane), S: sclerotia at developmental stage 3-4, A: 
apothecia at developmental stage 4-5, IL: infected tomato leaves (2 dpi).  
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Figure B-5.  Expression specificity of the Ss-odc2 gene determined by endogenous 

promoter-driven GFP expression. GFP expression driven by the constitutive 
oliC promoter was used as a control. The scale bars represent 200 µm. Blue 
arrows pointed toward aerial hyphae. 
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Figure B-6.  Radial growth rate of ∆ss-odc1 and ∆ss-odc2 relative to WT on PDA 
medium. Each point represents the mean ± standard deviation from four 
colony replicates. 
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Figure B-7.  Colony morphology, sclerotium and apothecium of ∆ss-odc1 and ∆ss-odc2 
mutants. PDA cultures were photographed 10 days post inoculation and 
apothecia were photographed following one month of sclerotia incubation at 
15 °C. 
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Figure B-8.  Effect of Ss-odc1 or Ss-odc2 gene deletion on compound appressorium 
development and virulence. A) Compound appressoria produced by mycelia 
plugs on parafilm (3 dpi). B) Infected soybean leaves (2 dpi). 
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Figure B-9.  ∆ss-odc2 mutants were inefficient in primary lesion establishment. 
Detached soybean leaves were collected 14 and 24 hours post inoculation. 
Leaves were cleared, and stained with trypan blue before examination.  
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Figure B-10.  Oxalic acid accumulation in mycelia plug during compound appressoria 
induction on parafilm. For each time point, six plugs were pooled together as 
one sample and the bar plots represent means + standard deviations based 
on three independent replicates. Bars with different letters are statistically 
different (p<0.05) as determined by one-way ANOVA (p<0.05) followed by a 
post-hoc Tukey HSD analysis. Ect: ectopic strain, Com: complementation 
strain. 
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Figure B-11.  Effect of Ss-odc2 overexpression on in planta oxalic acid accumulation (A) 
and virulence (B). Soybean leaves were photographed three days post 
inoculation. 
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Figure B-12.  Effect of Ss-odc2 overexpression on stress tolerances. The WT and Ss-
odc2 overexpression strain were grown in PDA medium or PDA medium 
supplemented with 200 µg/mL calcofluor white (CW), 200 µg/mL congo red, 
20 mM oxalic acid (OA), 1 M sorbitol, 1 M NaCl, 0.01% SDS, or 5 mM H2O2. 
Plates were photographed six days post inoculation. The relative inoculation 
positions of the WT and Ss-odc2 strains are shown in the bottom.   
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APPENDIX C 
SUPPLEMENTAL DATA FOR CHAPTER 4 

Table C-1.  Summary of the celery stalk virulence assays. Three independent 
experiments were carried out to test both virulence and compound 
appressoria formation. Isolates were categorized based on their phenotype 
reproducibility. Bolded isolates (53 in total) were ones determined as 
‘virulence-defective candidates’ and selected for further virulence assay on 
common bean.  

 
  

Category Isolate ID 

Virulence 

Defective in one 
experiment 

AT93, AT97, AT100, AT145, AT152, AT191,  
AT201, AT203, AT219, AT246,  AT250, AT271,  
AT327, AT341, AT352, AT361, AT365, AT375, 
AT394, AT458, AT474, AT519, AT563, AT566, 
AT575, AT613, AT657, AT676, AT687, AT696, 
AT705, AT709, AT753, AT781, AT806, AT816, 
AT854, AT905, AT913, AT924, AT1206, 
JAT11, JAT33, JAT34, JAT45, JAT121, 
JAT157, JAT166, JAT182,   

 
Defective in two 

experiments 
AT78, AT81, AT82, AT158, AT159, AT220, 

AT233, AT319, AT345, AT512, AT545, AT785, 
AT831, AT861, AT923, JAT4, JAT25, JAT30,  

 
Defective in all experiments AT18, AT34, AT63, AT67, AT76, AT102, AT120, 

AT162, AT172, AT185, AT196, AT200, AT229, 
AT257, AT258, AT267, AT343, AT450, AT529,  
AT573, AT627, AT815, AT891, JAT96,  
JAT160,  JAT190, JAT203, JAT208  

Compound appressoria 

Defective in one experiment AT162, AT250, AT327, AT365, AT375,  AT566, 
AT629, AT696, AT705, AT806, AT815, 
JAT33, JAT100   

 
Defective in two experiments AT34, AT76, AT229, AT258, AT343, AT563, 

AT573, AT709, JAT96, JAT121  
 

Defective in all experiments AT18, AT63,  AT67, AT120, AT172, AT185, 
AT196, AT201, AT267,AT345, AT512, 
AT529, AT545, AT831, AT891, JAT45,  
JAT190, JAT203  
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Table C-2.  Phenotypic summary of the ‘virulence defective candidates’. Isolates were ranked based on their relative 
virulences on bean leaves (unwounded), the 16 virulence defective mutants were bolded.  

Isolate 
ID 

Relative 
growtha 

Celery stalkb Bean leaf 
unwoundedc 

Bean leaf 
wounded 

Bean petiole Compound 
appressoria 
formationd 

Sclerotia 
formation 

JAT203 0.25 VVV | VVV | VVV 0.00 ± 0.00 0.12 ± 0.17 0.00 ± 0.00 0/4 Normal 
AT18 0.48 NA   | VVV | VVV 0.12 ± 0.10 0.22 ± 0.01 0.04 ± 0.07 0/3 Normal 
AT185 0.43 VVV | VVV | LLS 0.13 ± 0.09 0.14 ± 0.20 0.00 ± 0.00 0/4 Not formed 
AT102 0.44 VVV | VVV | VVV 0.16 ± 0.02 0.18 ± 0.03 0.00 ± 0.00 4/4 Normal 
JAT208 0.50 VVV | VVV | LLL 0.23 ± 0.04 0.00 ± 0.00 0.00 ± 0.00 4/4 Aberrant 
AT63 0.68 SSS | VVV | VVL 0.23 ± 0.04 0.34 ± 0.004 0.29 ± 0.12 0/4 Normal 
AT196 0.51 VVV | VVV | LLL 0.28 ± 0.02 0.35 ± 0.03 0.34 ± 0.13 0/4 Normal 
AT120 0.30 VVV | VVV | VVV 0.28 ± 0.18 0.51 ± 0.01 0.00 ± 0.00 0/4 Normal 
JAT96 0.44 LLL | NSS | SSS 0.36 ± 0.01 0.41 ± 0.01 0.46 ± 0.10 2/4 Normal 
AT573 0.46 SLV | LLL | VVV 0.37 ± 0.01 0.46 ± 0.01 0.51 ± 0.09 2/4 Normal 
AT172 0.70 LLV | SSL | SSS 0.38 ± 0.09 0.48 ± 0.03 0.32 ± 0.02 0/4 Normal 
JAT121 0.63 SSL | NNN | VVV 0.43 ± 0.01 0.52 ± 0.01 0.48 ± 0.08 2/4 Normal 
AT81 0.92 LLL | NNN | LLL 0.45 ± 0.08 0.60 ± 00.03 0.24 ± 0.20 4/4 Normal 
AT815 0.74 NLL | SSS | SSS 0.46 ± 0.02 0.59 ± 0.03 0.45 ± 0.13 1/3 Normal 
AT450 0.30 VVV | VVV | VVV 0.49 ± 0.07 0.45 ± 0.02 0.45 ± 0.27 4/4 Normal 
AT923 0.90 NLL | LLL | NNN 0.52 ± 0.01 0.57 ± 0.04 0.69 ± 0.004 4/4 Normal 
AT67 0.83 LLV | LLL | SLL 0.52 ± 0.02 0.55 ± 0.007 0.41 ± 0.18 0/4 Not formed 
AT78 1.08 VVV | VVV | SSS 0.53 ± 0.03 0.76 ± 0.03 0.78 ± 0.13 4/4 Normal 
AT512 0.57 NNN | SSS | SSS 0.54 ± 0.01 0.51 ± 0.03 0.53 ± 0.07 0/4 Normal 
AT258 0.78 VVV | LVV | SSS 0.54 ± 0.01 0.52 ± 0.04 0.37 ± 0.08 2/4 Not formed 
AT76 1.16 VVV | VVV | SLL 0.61 ± 0.05 0.72 ± 0.04 0.41 ± 0.17 2/4 Normal 
JAT190 0.89 NA   | VVV | VVV 0.65 ± 0.02 0.72 ± 0.11 0.85 ± 0.12 0/3 Normal 
AT229 0.57 LVV | LLL | SSS 0.68 ± 0.06 0.69 ± 0.04 0.69 ± 0.08 2/4 Normal 
AT82 0.97 VVV | LLN | NNN 0.71 ± 0.04 0.89 ± 0.23 0.72 ± 0.31 4/4 Normal 
JAT30 0.78 SSL | NNN | VVV 0.73 ± 0.02 0.70 ± 0.14 0.64 ± 0.07 4/4 Normal 
AT627 0.51 SLL | SSS | LLL 0.74 ± 0.08 0.82 ± 0.04 0.90 ± 0.03 4/4 Normal 
AT345 0.88 SVV | LVV | NNN 0.78 ± 0.08 0.73 ± 0.04 0.66 ± 0.12 0/4 Normal 
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Table C-2. Continued  

Isolate 
ID 

Relative 
growtha 

Celery stalkb Bean leaf 
unwoundedc 

Bean leaf 
wounded 

Bean petiole Compound 
appressoria 
formationd 

Sclerotia 
formation 

AT785 0.54 LVV | NNN | SSL 0.79 ± 0.03 0.83 ± 0.01 0.88 ± 0.12 4/4 Normal 
AT806 1.04 VVV | NNN | NNN 0.79 ± 0.11 0.93 ± 0.07 0.86 ± 0.26 3/4 Normal 
AT545 1.00 SVV | NNN | LLL 0.80 ± 0.04 0.95 ± 0.02 0.95 ± 0.02 1/4 Aberrant 
AT365 1.08 SLL | NNN | NNN 0.80 ± 0.03 0.86 ± 0.03 0.97 ± 0.20 2/4 Initials only 
AT201 0.82 NNN | LLL | NNN 0.81 ± 0.14 0.96 ± 0.28 0.87 ± 0.13 0/3 Normal 
AT34 1.07 SSL | LLL | SSL 0.82 ± 0.07 0.83 ± 0.11 0.88 ± 0.30 2/4 Normal 
AT563 0.44 NNN | NNN | LLL 0.82 ± 0.05 0.93 ± 0.10 0.95 ± 0.05 2/4 Normal 
AT233 0.72 SSV | NNN | NSL 0.82 ± 0.08 0.85 ± 0.05 0.73 ± 0.05 3/4 Normal 
AT891 0.96 NA   | VVV | VVV 0.83 ± 0.02 1.02 ± 0.06 1.13 ± 0.03 1/3 Normal 
AT319 0.83 SSL | NLL | NNN 0.84 ± 0.10 0.78 ± 0.13 0.78 ± 0.04 4/4 Normal 
AT200 0.66 LLV | NSS | SSS 0.84 ± 0.04 0.71 ± 0.03 0.80 ± 0.06 4/4 Normal 
JAT33 0.77 LLV | NNN | NNN 0.85 ± 0.04 0.83 ± 0.01 1.03 ± 0.11 3/4 Normal 
JAT160 0.94 LLL | LLL | SSS 0.86 ± 0.12 0.76 ± 0.06 0.87 ± 0.04 4/4 Normal 
AT924 0.97 NNN |NNN | VLV 0.86 ± 0.07 0.79 ± 0.07 1.02 ± 0.17 4/4 Normal 
AT831 0.94 SSS | SSS | NNN 0.89 ± 0.05 0.98 ± 0.07 1.02 ± 0.17 1/4 Normal 
AT220 0.67 SSS | NNN | VVV 0.91 ± 0.05 0.91 ± 0.02 1.04 ± 0.08 4/4 Normal 
JAT45 0.97 NNL | NNN | NNN 0.93 ± 0.06 0.91 ± 0.03 1.07 ± 0.05 1/4 Normal 
AT267 1.04 NA | VVV | LNS 0.95 ± 0.03 0.97 ± 0.01 1.08 ± 0.04 1/3 Normal 
JAT4 0.99 SSS | NNN | SSS 0.96 ± 0.04 1.20 ± 0.30 1.19 ± 0.11 4/4 Normal 
AT343 0.89 LVV | VVV | SLL 0.96 ± 0.05 0.88 ± 0.04 0.88 ± 0.01 2/4 Initials only 
AT566 0.96 LVV | NNN | NNN 0.96 ± 0.04 1.06 ± 0.02 1.01 ± 0.07 3/4 Normal 
AT158 0.81 SLL | NNN | NSS 0.97 ± 0.04 1.12 ± 0.09 0.98 ± 0.07 4/4 Normal 
AT162 0.82 SLL | LLL | SLL 0.97 ± 0.04 0.75 ± 0.02 0.82 ± 0.06 4/4 Normal 
AT529 0.99 NA  | VVV | LLV 0.98 ± 0.04 0.92 ± 0.05 0.99 ± 0.09 1/3 Normal 
JAT25 1.01 NVV | NNN | NLL 1.09 ± 0.05 1.00 ± 0.04 1.10 ± 0.06 4/4 Normal 
AT709 1.03 SLL | NNN | NNN 1.15 ± 0.06 0.98 ± 0.09 1.06 ± 0.03 2/4 Normal 

a Relative growth on PDA medium. Values were calculated based on three independent replicates. 
b Celery stalk virulence assay. For each isolate, three independent experiments (separated by vertical bars) were carried 
out and each experiment includes three inoculation replicates. The lesions were scored based on a disease index system 



 

172 

with the following categories: normal (N, lesion expands similarly as the WT), slow (S, lesion expands at a slower rate 
compared to WT), limited (L, lesion expands slightly and then stops), and very limited (V, no visible lesion or small lesion). 
NA: not assayed. 
c Common bean virulence assay. Infection assays were done with unwounded bean leaves (n=3), wounded bean leaves 
(n=2), and bean petioles (n=4). Relative lesion diameter values are given for bean leaves and relative lesion length values 
are given for bean petioles.  
d Compound appressoria formation assay. The number of experiments where the mutants show normal compound 
appressoria and the total number of experiments (separated by slash) are given. 
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Figure C-1.  T-DNA copy number analysis by Southern hybridization. A) The binary 
vector pBHT1 was used for generating the T-DNA transformants; B) Southern 
hybridization results. Genomic DNA from 17 selected transformants was 
digested with Bgl II. Digoxigenin-labeled hygromycin phosphotransferase 
(hph) coding sequence was used as the hybridization probe.  
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Figure C-2.  Scatterplots showing the correlation among bean virulence assays, and 
between virulence assays and growth rates. The relative lesion sizes (bean 
leaf unwounded, bean leaf wounded) were square root transformed for 
correlation analysis with the relative lesion lengths (bean petiole) and the 
relative growth rates (radial growth). The R2 values were calculated based on 
least square regression analysis. 
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Figure C-3.  Scatterplots showing the correlation between celery virulence assay and 
radial growth, and between virulence assays on celery and on common bean. 
The relative lesion sizes (bean leaf unwounded, bean leaf wounded) were 
square root transformed for correlation analysis. Celery lesion scores were 
transformed into numerial values for the analysis. The R2 values were 
calculated based on least square regression analysis. 
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Figure C-4.  T-DNA transformants exhibiting compound appressorium formation 
defects. Three or four independent assays were conducted in total. Assays 
showing normal compound appressoria development over total compound 
appressoria assays (separated by slash dashes) are indicated. 1st, 2nd, 3rd, 
and 4th represent four independent experiments. 
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Figure C-4. (Continued) 
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Figure C-4. (Continued) 
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Figure C-4. (Continued) 
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Figure C-4. (Continued) 
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Figure C-5.  T-DNA transformants with defects in sclerotium development or colony 

morphology. Colonies were photographed following 10 days of growth on 
PDA medium. AT172m and AT185m represent mitotically-derived strains from 
AT172 and AT185. 
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Figure C-5. (Continued) 
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Figure C-5. (Continued) 
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Figure C-5. (Continued) 
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Figure C-6.  Hyphae growth pattern of AT913 at the colony front and colony middle on 
PDA medium.  
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Figure C-7.  T-DNA insertion mutants inefficient in OA accumulation based on medium 
acidification assay. A) PDA medium was supplemented with bromophenol 
blue (violet > pH 4.6, yellow < pH 3.0). Colonies were photographed two days 
post inoculation. B) Soybean leaves seven days post infection. m: mitotically 
unstable. 
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Figure C-8.  Medium acidification dynamics of AT172m and AT258. PDA medium was 
supplemented with bromophenol blue (violet > pH 4.6, yellow < pH 3.0) to 
monitor pH changes. m: mitotically unstable. 
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Figure C-9.  Lesion appearance of the ‘virulence-defective mutants’ on detached 
common bean leaves (2 dpi).  
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Figure C-9. (Continued) 
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Figure C-10.  Lesion appearance of the ‘virulence-defective mutants’ on celery stalk (3 
dpi). For each isolate, the three independent assay outcomes are shown from 
top to bottom.  
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Figure C-10. (Continued) 
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Figure C-10. (Continued) 
  



 

193 

 
 

Figure C-11.  PDA colony morphology of the ‘virulence-defective mutants’ (10 dpi). 
Colony morphology phenotypes of AT67, AT185, AT196, AT258, and JAT208 
are shown in Figure A-3.  
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Figure C-11. (Continued) 
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Figure C-12.  Sequence annotation of the SS1G_10409 locus. Gray shading: 

untranslated region; lowercase: introns; green uppercase: coding region; red: 
start and stop codons; underlined red: previously annotated ‘ATG’ site; box: 
sequence replaced by integrated T-DNA.    
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Figure C-13.  Oxalic acid accumulation in PDB shake culture of selected T-DNA 
transformants. Data represent mean + standard deviation from two 
independent culture replicates.   
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Figure C-14.  Sensitivity of AT67 to osmotic and oxidative stresses. Mycelia plugs with 

actively growing hyphal tips were inoculated on PDA medium, PDA medium 
supplemented with 1 M NaCl, or PDA medium supplemented with 5 mM H2O2 
respectively. Colonies were photographed 10 days post inoculation. 
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